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ABSTRACT

The economic impact of applying various technologies to

two selected transport aircraft configurations is evaluated.

One configuration has a design cruise Mach number of 0.98;

the other, 0.90M. Both transports carry 40,000 Ib (18,140

kg) of passenger payload (195 mixed class) over a design

range of 3000 n.mi (5560 km). This payload/range combination

was chosen to match a predicted airline requirement during

the 1980's. The 0.98M transport embodies a supercritical wing

and area-ruled fuselage, but the 0.90M airplane, having a

less-swept supercritical wing, has a conventional constant-

diameter fuselage arrangement. Other technologies evaluated

on each of these transports include filamentary composite

materials (graphite/epoxy), active control systems, relaxed

static stability, and advanced propulsion systems with

greatly reduced noise and pollutant levels. The economic

payoff (or penalty) of individual and collective applications

of the technologies is shown, together with a technical

assessment of their suitability and scope. Also, the 0.90M

and 0.98M cruise transports are compared with a conventional

1970 technology transport having identical payload/range

capability.
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SECTION I

SUMMARY

The first phase of the study of the application of
advanced technologies to long-range transports revealed that
there is a substantial market from 1980 onwards for a medium

sized transport that could carry about 40,000 ib (18,140 kg)

of payload (about 195 passengers, mixed class) over trans-

continental routes of up to 3000 n.mi (5560 km) equivalent

stage distance. Such an airplane would replace such trans-

ports as the Boeing 727 and would be capable of operation

from most domestic and international airports. The engines

on this aircraft would permit noise levels I0 EPNdB below

FAR Part 36 standards for a penalty in ROI of about 9 percent.

Atmospheric pollution would also be reduced to the levels

outlined in the NASA Statement of Work (L17-1533). With

more advanced technology engines, and by about 1985, noise

levels will be reduced 15 EPNdB below FAR Part 36. With the

use of operational procedures such as engine oversizing for

takeoff and two-segment approach paths for landing, noise

levels could be 20 EPNdB below FAR Part 36, although sideline

noise would not be reduced. These levels are indicated by

-20/15 EPNdB on the fourth bar of Figure i-i, which illus-

trates the economic impact of the various noise reductions.

Application of the new high-speed airfoils will improve

profitability, particularly if cruise speed is set at about

0.90M, which may not require that the fuselage be area-ruled.

The above-sized transport designed to this cruise Mach number

would have an ROI about 15½ percent better than a similarly

sized transport employing conventional 1970 technology air-

foils and cruising at 0.82M. On the other hand, if the air-

plane is designed to cruise at the highest practicable Mach

number of 0.98M, the ROI would be only about I percent better

than a 1970 technology transport. The relative economics of

the three transports are shown in Figure 1-2. A 15½ percent

improvement in ROI is equivalent to anadditional profit

margin of $73M per year when applied to a fleet of 280 air-

planes of the size selected. On the other hand, a i percent

improvement in ROI for the M 0.98 configuration gives only

$6M per year extra profit.

Various degrees of filamentary composite materials in

the structure were considered, and the payoffs are shown in

Figure 1-3. It is evident that a maximum use of composites

i
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throughout the structure should be the target, which will

give improvement in ROI of up to 16½ percent. A significant

result of the manufacturing cost study is that, with re-

sizing of the lifting surfaces and engines with weight

reductions, the airplane selling price and DOC can be re-

duced despite the higher materials cost.

The economic impact of employing an active control

system is illustrated in Figure 1-4 for the 0.90M configura-

tion and in Figure 1-5 for the 0.98M configuration. The

influence of combining the ACS with the use of composites

is also shown in each of the figures. It is seen that there

is an improvement in ROI for a composite 0.98M transport of

about 3.7 percent compared with a similar composite airplane

not employing active control systems. The improvement appears

to be somewhat less when active control systems are employed

on a composite 0.90M transport. Caution should be exercised

in the interpretation of the results when these technologies

are combined, particularly those for the 0.90M configuration.

The net weight savings of combining a full active control

system with an all-composite structure were determined early

in the study for the original high-performance 0.98M con-

figuration of aspect ratio 6.4. These.weight savings were

then prorated to the selected configurations of Phase II,

which had wings of aspect ratio 9.0 for the 0.90M transport

and 8.0 for the 0.98M transport. Naturally, the weight

savings should be greater with increased aspect ratio and,

in consequence, the payoffs would be much better than that

indicated in Figure 1-4 and slightly better than that shown

in Figure 1-5. Additional study using the DAEAC computer

facility on the selected configurations would reveal the

correct magnitude of the expected weight savings and, in

turn, the impact on the economics. When applied to aluminum

airplanes, the effect of employing active control systems

appears much greater. For the 0.98M transport, the improve-

ment in ROI is 10.8 percent, and for the 0.90M airplane, ROI

is 6.7 percent better.

The basic airplane is statically_table and a full active

control system includes relaxing static stability to give

essentially zero trim drag plus maneuver load and gust

alleviation together with active flutter suppression. The

individual economic effects of these systems when applied to

aluminum airplanes is illustrated later in Figure 6.4-1.

Reducing fuel reserves from i hour holding plus 200 n.mi

(370 km) diversion to 45 minutes holding and 150 n.mi (278 km)

5
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diversion improves ROI by 5-3/4 percent (ROI increased from

18.06 to 19.10 percent) for a 0.90M transport. This improve-

ment increases to 5.9 percent when reserves are reduced on a

0.98M transport.

Sensitivity of a 0.90M cruise transport to changes in

structure weight, aerodynamic efficiency, airframe cost,

engine cost, and propulsive efficiency is illustrated in

Figure 1-6.

Since completing the study, certain aerodynamic and

structural improvements seem possible with both the 0.98M

and 0.90M configurations. The drag creep that seemed present

in wind tunnel tests is markedly less in actual flight tests.

Also, somewhat less wing sweep could have been tolerated.

Another improvement would be to reduce the fineness ratio

of the 0.98M area-ruled transport from about 9.9 to 8.5.

A summary of the economic improvements for applying the

various technologies to 0.90M and 0.98M cruise transports is

shown in Table i-i. This summary indicates the additional

profit earned per year when the technologies are applied to

a fleet of 280 airplanes, each of 195 passenger capacity and

operating over a typical domestic route structure.

Tab le i- i

SUMMARYOFECONOMICIMPROVEMENTS
• PAYLOAD = 40.000 .LB • DESIGN RANGE - 3000. N.MI. ,FAR 36-10 EPNdB NOISE LEVEL

I"ECHNOIOGY
M'.gO

APROFIT/'/EAR ($ + MILLIONI

M = . 98 IMP M-. 98"IMPM-. 90"

SUPERCRITICAL AERO TECHNOLOGY 73 6 tO3 59

COMPOSITES (41.4%_ , lOS 124 lOS 124

ACTIVE CONTROL SYSTEMS 36 52 36 52

I - F
TOTAL 217 182 247 235

COMB I NED TECHNOLOGIES 208 [51 232 204

• ]0 Counts of Drag Creep Eliminated: Equivalent of I ° Less Sweep Allowed: I1 Abreast Seating)

"10 Counts of Drag Creep Eliminated: Equivalent of 2o Less Sweep Allowed: Body Fineness Ratio
Reduced to 8.5 (8 Abreast Max. 6 Abreast Min.
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SECTION 2

INTRODUCTION

Since the advent of the swept-wing jet transport, most

improvement in airline operating economics over the past

decade have been achieved by advancements in propulsion

technology. Within this time, fuel consumption has been

reducedprogresslvely with increases in the engine by-pass

ratio. Starting with the pure jet of the early models

through the JT-3D and JT-8D with modest by-pass ratios of

around i:I, thepresent turbofan engines, typified by the

JT-9D and CF-6, have by-pass ratios of about 5:1. With the

reductions in fuel consumption, the higher by-pass-ratio

engines have also produced lower and lower noise levels.

However , these improvements have now reached the point of

diminishing returns, and it becomes necessary to look at

developments.ln other areas in order that the downward trend

in operating cost be maintained.

• The new high-speed airfoils developed by Dr. R. T.

Whitcomb.and others over the last several years offer great

possibilities for either improved productivity with increased

cruise Mach number, or better aerodynamic efficiency at

presen_-day cruise speeds, or combinations of both. Over

the last six years considerable progress has also been made

in the development of advanced materials, in particular the

filamentary composites, which show great promise in providing

a hlgh strength-to-weight ratio, although at some increase

in-materials cost. Likewise, the use of control systems

manipulated in such a fashion as to modify thealrplane load

distributions under maneuver and gust conditions seems to

offer potential weight savings in the structure. These

savings could be significant, particularly if the flutter

problemresulting from reduced-strength structures is dealt

with. In addition, community noise and atmospheric pollution

have reached the point where something must be done to show

the more discerning public that the airplane designer does

care about improving the quality of life, especially around

our major airports.

The study conducted by the Convair Aerospace-Division

of GeneraiDynamics Corporation under NASA Contract NASI-10702

of the application of advanced technol0gies to the design of

long-range transports is thus timely and of great importance

in charting a course of research and development which will

I0



insure that the next generation of U.S. conlnercial trans-
ports will be competitively superior in the world market.
A sunmmry of the various technologies to be applied during
the study is shown in Figure 2-1.

During the first half of the contract period, which

started in April 1971, the main emphasis was on a parametric

study of three payloads, two design ranges, conventional

and composite structures, all for two configurations. One

configuration corresponded closely to the rear-engined tri-

jet model with supercritical technology then being tested

by Dr. R. T. Whitcomb of NASA, having a design cruise Mach

number near unity. The other configuration was optional,

and Convair's choice resulted from extensive analysis of

cruise Mach number effects on economics. The study matrix

is shown in Table 2-1. It was found that best return on

investment (ROI) was achieved when the supercrltical aero-

dynamic technology was applied to configurations cruising

in the 0.92M range.

In addition to a study of the application of super-

critical technology and its effects on economics, the Phase

I tasks included a parametric study of the application of

advanced filamentary composite materials to the wing and

empennage of both configurations. Because of its obvious

cost advantages, graphite-epoxy composite material was

selected for these components.

Trade studies were also made during Phase I on selected

configurations to show the potential economic gains of

employing active control systems.

All the parametric data generated in Phase I are based

on the use of scaled General Electric CF6-50C high-by-pass-

ratfo turbofan engines, with airplane noise levels to FAR

Part 36 standards or better. The effect on economics of

additional acoustic treatment to reduce noise levels to i0

EPNdB below FAR Part 36 was evaluated towards the end of

Phase I. --

In order to make a judgment as to the payoff expected

from applying supercritical aerodynamics technology, a

conventional 1970 technology transport was designed to form

a baseline for comparison.

11
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Concurrently with the Phase I parametric study, a market

analysis was carried out to determine the most suitable size

(passenger payload) and the route structure (design range)

over which the selected transport should operate for best

profitability (ROI) and for meeting future airline needs in

the 1980's. It was determined that a transport having a

payload of 44,000 ib (20,000 kg) carried over a design range

of 2800 n.mi (5170 km) would best suit those needs and

provide a truly economic vehicle with good ROI. Subsequent

refinement revealed that a payload of 40,000 ib (18,140 kg)

and a design range of 3000 n.mi (5560 km) would be more

appropriate, and these payload/range characteristics were

carried over into the Phase II studies.

Choice of the cruise Mach number for selection of the

alternate configuration was based on the data of Figure 2-2,

although subsequent calculations showed that a more optimum

cruise speed would have been somewhat lower.

Throughout the early parametric studies a minimum start-

of-cruise altitude of 40,000 ft (12,200 m) was assumed to

provide vertical separation from slower flying aircraft.

This constraint proved costly because of the higher thrust

levels required; in later Phase II studies, best economical

cruise altitudes were used, consistent with the desire to

operate from domestic airports, which also influenced

installed thrust levels.

Following the Interim Oral Presentation (31 August 1971)

a re-direction of the program was initiated, which affected

the Convair Aerospace activities in Phase II as follows:

I. The Convair-selected (0.92M cruise-speed alternate

configuration carrying a 44,000-ib (20,000 kg)

payload for 2800 n.mi (5170 km) was replaced by

a similar arrangement but with cruise at 0.90M

while carrying a 40,000-1b (18,14 0 kg) payload

for 3000 n.mi (5560 km).

2. The NASA high-performance near-sonic tri-jet

configuration was dropped, and an arrangement

with engines located similar to the McDonnell/

Douglas DC-10 (with two engines underwlng and

one at the rear) was substituted, with cruise

Mach number maintained at 0.98M while carrying

a 40,000-1b (18,140 kg) payload for 3000 n.mi

(5560 _).

14
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. Greater emphasis was placed on the application of

composite materials to the structure, particularly

stressing the manufacturing, tooling, and assembly

costs compared to conventional light-alloy con-

struction.

. Noise levels were set at FAR Part 36 minus i0

EPNdB (1979 time frame without operational

procedures), FAR Part 36 minus 15 EPNdB (1985

time frame without operational procedures),

and a goal of FAR Part 36 minus 20 EPNdB (with

operational procedures).

. Emphasis was given to the economic benefits of

employing active control systems.

• Studies were included to determine the sensitivity

to ROI of drag, weight, and cost (material, labor,

etc.).

. Effects of cruise altitude on economics was to

be determined.

These re-directions, together with the other work out-

lined in the NASA Statement of Work (L17-1533), and in com-

pliance with the schedule shown in Figure 2-3, are reported

in the following sections of this Volume I.

In Volume II the state'-of-readiness of the various

technologies studied is outlined, and R&D programs are

recommended that are designed to drive out the problems and

reduce the risks to a degree where development of the next

generation of advanced transports can be pursued with con-

fidence.

Measurement values contained in this report are in

both customary and SI units with the former stated first

and the latter in parentheses. The principa ! measurements

and calculations have been made in the customary System of

units.

J
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SECTION 3

AIRPLANE DESCRIPTION

AND OPERATION

In this section, the features of the two selected

transport aircraft configurations embodying advanced tech-

nology (Math .98 and Math .90 cruise speeds) and the con-

ventional aircraft configuration (Math .82 cruise speed)

used as a baseline for comparison in the study are described.

Both advanced aircraft incorporate the maximum of composite

materials, a full active control system, supercritical aero-

dynamics, and low-nolse advanced-technology-propulsion

engines. In order that the three aircraft could be compared

easily, some performance characteristics and certain air-

craft features were maintained common. Each aircraft is

designed to carry a 40,000-1b (18,140-kg) payload (195

passengers) over a 3000-n.mi (5560-km) range. In addition,

each aircraft employs a wide-body twin-aisle fuselage and a

low wing. Engine location, landing gear arrangement, and

internal equipment locations are the same, as near as

possible, on all airplanes. Th.e general features of the

aircraft are compared in Table 3.0-1.

3. i AIRCRAFT GENERAL ARRANGEMENT

3.1.1 Mach .98 Configuration

A general arrangement of the Mach .98 configuration is

presented in Figure 3.1-i. The fuselage is area-ruled, and

the wing, empennage, and engines are arranged to achieve

the optimum cross-sectional area distribution for an aircraft

cruising at Mach .98 airspeed. Maximum fuselage diameter is

18 ft, Ii in. (5.77 m). This allows seven-abreast seating

in the coach section and the carriage of standard LD-3

containers in the cargo bay. The necked-down mid-section

has a minimum diameter of 13 ft, 7 in. (4._4 m) and provides

flve-abreast seating.

Propulsion is by three scaled P&W STF-429 engines, two

mounted beneath the wing on pylons and the third mounted

above the fuselage in the base of the vertical tail. Each

engine has a thrust of 26,480 ib (117,783 N).

18
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Table 3.0-1 General Aircraft Features

FEATURE
ADVANCED TECHNOLOGY

AIRCRAFT

Cruise Speed - M

Range - n. ml
(km)

Engine Thrust, Each-lb

.98

3000

(556O)

26,480

.9O

3000

(556O)

22,400
(N)

Wing
Area - ft 2

(m2)

Aspect Ratio
Sweep - deg

Taper Ratio
Overall Dimensions

Length - ft & in.
(m)

Height - ft & in.
(m)

Span - ft & in.
(m)

Weight
Structure -Ib

(kg)

Sys & Equip - Ib
(kg)

Propulsion -Ib

(kg)
Useful Load - Ib

(kg)

BOW - Ib

(kg)

Payload -Ib

(kg)

Water Inj Fluid - Ib
(kg)

(117,783)

2282

(212)

8.0

40 @ c/2
.3874

193 & 7

(59.0)

51 &1.5

(15.58)
141 &9

(43.21)

75,222
(34,114)

42,353
(19,208)

19,189
( 8702 )

7364

( 3340 )

144,128

( 65,364 )

40,000

(18,140)
960

(435)

(99,700)

1970

(183)

9.0

36 @ c/2
.3874

172&2

(52.48)
47&7

(14.50)
139 & 10

(42.62)

62,980
(28,562)

41,658

(18,893)

15,933
(7226)

7364

( 3340 )

127,935
(58,021)

40,000

(18,140)
810 ....

(367)
Fuel -Ib

(kg)

Gross Weight - Ib

(kg)

88,752
(,40,251)

273,840

(124,190)

78,68 7
(35,686)

247,432
(112,214)

19

CONVENTIONAL

AIRCRAFT

.82

3000

(5560)

26,760

(119,028)

2540

(236)
6.8

35 @ c/4
.300

169 &8

(51.71)
47 &3

(14.40)
131 & 5

(40.06)

94, 260

(42,748)

42,080

(19,084)
19,850

(9,002)
7364

(3340)

163,554

(74, 174)

40,080
(18,140)
965

(438)

100,281
(45,479)

304,800
(138,231)
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The supercritical wing has an 8.0 aspect ratio and is

swept at the mid-chord to 40 deg. The t/c at right angles
to the mid-chord measured at the mean chord location is

11.0 percent.

The landing gear arrangement is conventional, with four-

wheel trucks on the main landing gear and dual wheels on the

nose gear. The main gear retracts inboard; the nose gear,

forward. Tires are sized to require no greater pavement

thickness than that approved by the Airport Operators Council

and outlined in Department of Transportation Document

AC/5320-6A dated i April 1970.

High lift is obtained by inboard and mid-span double-

slotted Fowler flaps, simple outboard flaps, and Kruger-type

"Varicam" leading-edge slats.

The advanced flight control system employed in the

selected configurations provides not only three-axis control

but also dynamic and static stability augmentation, active

flutter suppression, maneuver load control, and gust allevia-

tion. Lateral control is provided by an all-speed, mid-span

aileron and wing-mounted spoilers. The all-speed aileron

is also used for lateral trim and Automatic Flight Control

System (AFCS) functions. The spoilers are also utilized as

ground-roll brakes. Directional control is provided by

large upper and lower rudders. Yaw damping and automatic

turn coordination (high-lift configuration only) con_nands

are supplied to both rudders. The horizontal stabilizer is

used for longitudinal control, trim, static and dynamic

stability augmentation, and AFCS functions. Longitudinal

control in the landing approach is enhanced by use of

spoilers in a Direct Lift Control (DLC) role. A small,

outboard, trailing-edge surface and a very small surface

located outboard of the wing tip are used for active flutter

suppression.

Overall dimensions of the aircraft are: length, 193

ft, 7 in. (59 m); height, 51 ft, 1.5 in. (15.58 m); span,

141 ft, 9.0 in. (43.21 m). The passenger entrance is 15 ft,

3 in. (4.65 m) above the ground. Height above ground is

dictated by takeoff angle requirements. Detailed data and

dimensions are given in Figure 3.1-1.

21



3.1.2 Mach .90 Configuration

A general arrangement of the Mach .90 configuration is

presented in Figure 3.1-2. The fuselage has a conventional

constant-diameter section (i.e., non-area ruled); the wing

has a mid-chord sweep of 36 deg. and an aspect ratio of 9.0.

The t/c at right angles to the mid-chord measured at the

mean chord location is 14.15 percent. The fuselage has a

diameter of 216 in. (5.49 m) and is sized to accommodate the

combination of seven-abreast coach seating and the standard

LD-3 cargo bay containers.

The three scaled P&W STF-429 engines each have a thrust

of 22,400 lb (99,700 N). Engine location is similar to the

Mach .98 configuration, the major installation difference

being the shape of the inlet.

Landing gear and flight control system arrangements are

also similar to the Mach .98 configuration.

Overall dimensions of this airplane are: length, 172

ft, 2 in. (52.48 m); height, 47 ft, 7 in. (14.50 m); span,

139 ft, I0 in. (42.62 m). The passenger entrance is 13 ft,

0 in. (3.96 m) above ground. Ground height of this configu-

ration is also dictated by takeoff angle. Detailed data and

dimensions are given in Figure 3.1-2.

3.1.3 Baseline Conventional Configuration

The general arrangement of the baseline conventional

aircraft is presented in Figure 3.1-3. The fuselage of the

conventional aircraft is identical to that of the Mach .90

airplane.

Wing and tail surfaces have basically the same sweep,

taper ratio, and aspect ratio as the DC-10. Areas have been

scaled down, however, to correspond to the smaller aircraft
size.

--o

The baseline airplane utilizes conventional aerodynamics,

flight controls, and structural materials.

Propulsion is by the same type of engine (i.e., scaled

P&W STF-429) as used on the advanced technology configurations

to assure comparable noise and pollution levels. Indivldual

engine thrust is 26,760 lb (119,028 N).

22
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Landing gear arrangement is the same as that used on

the advanced technology configurations.

Overall dimensions are: length, 169 ft, 8 in. (51.71 m);

height, 47 ft, 3 in. (14.40 m); span, 131 ft, 5.0 in. (40.06 m).

The passenger door is 13 ft, 0 in. (3.96 m) above the ground.

Engine lip clearance dictates the ground height.

Detailed dimensions are given in Figure 3.1-3.

3.2 AIRCRAFT INTERIOR ARRANGEMENT

The interior arrangements of the Math .98 and Math .90

advanced aircraft are presented in Figures 3.2-1 and 3.2-2,

respectively. The interior of the baseline conventional

aircraft is similar to the Mach .90 configuration.

Basically, the interior arrangements of all three air-

craft are similar. Each fuselage is divided into conven-

tional upper and lower compartments; the upper containing

the passengers and crew; the lower, cargo and aircraft

systems. The galley is located in the upper passenger com-

partment to provide maximum cargo volume below.

The upper compartment is conventionally arranged:

flight deck forward; first class section next, galley, and

a coach section continuing to the rear of the aircraft.

The area in the nose and immediately forward of the

nose landing gear bay contains the avionics equipment. The

area to either side of the nose gear bay is reserved for

electrical distribution equipment.

Space for crossover routing is provided just forward

of the wing box and below the passenger floor. The main

landing gear is located immediately aft of the wing box.

Air conditioning equipment is located in the right- and

left-hand wing gloves. The Auxiliary-Power Unit is located
in the tail section.

3.2.1 Cabin Compartment

The cabin compartment provides accommodations for 195

passengers (30 first class, 165 coach). Both the first-

class and the coach-class compartments use twin aisles, each

having a mlnlmum wldth of 20 in. (50.8 cm) in first class

and 19 in. (48.3 cm) in coach.

25
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Seating is maximum six abreast in first class and seven

abreast in the coach section. First-class seats measure 20

in. (50.8 cm) between armrests. Armrests are 4 in. (10.2 cm)

wide between seats and 3 in. (7.6 cm) at the end of rows.

Coach-class seats measure 18.5 in. (47 cm) between armrests.

Coach armrests are 3 in. (7.6 cm) between seats and 2 in.

(5.1 cm) at the row ends. Seat dimensions and aisle widths

are established as a result of contact with variQus airlines.

Windows are I0 in. (25.4 cm) wide and 14 in. (35.6 cm)

high at 20-1n. (50.8-cm) pitch.

Stowage areas are conveniently located throughout the

passenger cabin, providing room for coats and other passenger

items plus ample space for miscellaneous flight and emergency

equipment.

Service utilities provide all passengers with seat-back

oxygen modules, oxygen mask stowage, overhead reading lights,

and individual air outlets. Contained in each seat arm is a

light switch and a cabln-attendant call switch. Overhead

enclosures provide stowage for blankets, pillows, and pass-

enger personal effects. Additional storage is available

under each passenger seat.

Each of the six cabin attendant seats is located

adjacent to one of the passenger doors or emergency exits.

Food and beverage is supplied from one central galley

located on the passenger deck between the first- and coach-

class sections. Space is available for serving one meal to

each of the passengers and crew. An additional beverage bar

is located in the rear of the coach section to reduce con-

gestion at the central galley and to increase the efficiency

of the beverage service.

The galley is serviced by loading the galley modules

through the service doors adjacent to the galley.

Six lavatories are distributed throughout the cabin

compartment, two in first class, two in the forward end of

the coach section, and two at the rear of the coach section.

Four Type A passenger doors (42 x 76 in.) (106.8 x

193 cm) and two Type I passenger doors (32 x 76 in.) (81.3 x

193 cm) are distributed along the fuselage length. Inflatable

emergency evacuation slides are installed in each of these

• /
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doors. The two forward Type I doors are fitted with single-

track slides. The four Type A doors are fitted with double-

track slides. A plan view of the Math .98 air¢raft with

slides deployed is shown in Figure 3.2-3. Combination

slide/rafts may be installed in place of the slides for

overwater aircraft operation.

3.2.2 Baggage Compartment

The two baggage compartments located in the lower

fuselage are both Class D as defined by FAR 25. The baggage

compartment in the Math .98 configuration will accommodate

a combination of bulk and standard LD-3 containers in the

forward area and bulk-only in the aft area. The cylindrical

fuselages of the Mach .90 and conventional aircraft, however,

allow the loading of standard LD-3 containers in both the

forward and aft baggage compartments. Containers are loaded

through 72-in.-wide by 66-in.-high (182.9 x 167.6 cm) doors

on the right side of the airplane. Additional cargo doors

are provided for bulk cargo loading. This allows for simul-

taneous loading of containerized and bulk cargo. The total

capacity of the two selected configurations is summarized in

Table 3.2-1.

Sills of all loading doors are flush with the internal

flooring to provide easy cargo loading. The floors in the

compartments handling containers incorporate a powered

system for moving the containers longitudinally within the

compartment and laterally in or out the door.

3.2.3 Flight Deck

The flight deck shown for each aircraft is a conven-

tional commercial aircraft arrangement, providing normal

seating for captain, first officer, flight engineer, and

observer. Sufficient room is available in the flight

compartment to accommodate an additional observer on a

fold-down seat. The spaciousness of the flight deck arrange-

ment shown allows for the required Volume of controls, panel

space, crew baggage, coats, briefcases, manuals, etc.

3.2.4 Landing Gear

The landing gear arrangements are conventional, with

four-wheel trucks on the main landing gear and dual-wheels

on the nose landing gear. The main landing gear retracts

inboard and is stowed in a well beneath the cabin floor just
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Table3.2-1 Baggage and Cargo Capacity

COMPARTMENT

MACH .,98 AIRPLANE

• Forward Compartment

• 8 Half-Wldth Containers

and Bulk

Or

• Bulk Only

• Aft Compartment

* Bulk Only

VOLUME - ft 3 ( m3 )

MAX. CONTAINERS

1264(35.8)
940(26.6)

ALL BULK

2524 (71.5 )

2357 (66.8) 2357 (66.8)

TOTALS 4561 ( 129.2 ) 4881 ( 138.3 )

MACH .90 AIRPLANE

• Forward Compartment

• 16 Half-Width Containers
and Bulk

Or

• Bulk Only

• Aft Compartment

• . 8 Half-Width Containers

and Bulk

Or
e

• Bulk Only

TOTALS

2528 ( 71.6 )
298 (8.4)

1264(35.8 )
921 (26.1)

3183 (90.1)

2556 ( 72.4 )

5011 (141.9) 5739 ( 162.5 )

C_
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aft of the wing rear spar. The nose landing gear retracts

forward on the aircraft centerline. Tire and wheel sizes

are as follows:

Landing Gear

Main Wheels

in.

M = 0.98

Configuration

43 x 17-17 (8)

(I092x432-432)

M = 0.90

Configuration

40 x 16-16 (8)

(i016x406-406)

Conventional

M = 0.82

Configuration

43 x 17-17 (8)

(i092x432-432)

Tire Pressure

psi

(kg/sq cm)

Nose Wheels

in.

162

(n.4)

33 x 13-13 (2)

(838x330-330)

161

(11.3)

30 x 12-12 (2)

(762x305-305)

157

(n.o)

33 x 13-13 (2)

(838x33O-33o)

Tires have been sized to require no greater pavement

thickness than that approved by the Airport Operators Council

and outlined in Reference 3-1.
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SECTION 4

ROUTE A NA L YS IS

The economic evaluation of the many advanced transport

configurations has been" accomplished in the context of

commercial usage by a major domestic airline. All direct

comparisons have been made by simulating operation over

identical routes. The route analysis is essentially an

examination of that route structure and the passenger demand.

A route structure covering inter-city distances of i000

to 5000 n.mi (1853 to 9265km) was required to support

Phase I of the study. Furthermore, a realistic definition

of the optimum design range required that the distribution

of city-pair passenger traffic, by inter-city distance,

correspond closely to the existing market. The bulk of

the required data was taken from Reference 4-1. For the

year 1968, the top i00 city-pairs were ranked by both number

of passengers and number of passenger-miles originated.

Because of the long-range nature of the study, ranking by

passenger-miles was selected. Eliminating city-pairs •

separated by less than i000 n.mi (1853km) left a group of

60 U.S. domestic routes ranging in distance to 4500 n.mi

(8340 kin).

A different procedure was required to estimate an

international travel market. Reference 4-2 served as the

basis for this expansion. Through a tedious perusal of this

volume, a list of those markets having over 30 flights per

week was compiled. These markets were ranked by flight

volume and passenger volume and then calibrated by 1970

North Atlantic traffic data published by Ray and Ray (Av. Week,

Reference 4-3). This procedure added 27 international

routes varying from 2600 to 4800 n.mi (4820 to 8895 km).

The next step was to project the abDve traffic volume

to the year 1985. Further statistics by Ray and Ray

established the growth in domestic traffic between 1968 and

1970 at 14 percent. Historical traffic data from 1950 on

is provided in Reference 4-1. From these data, the annual

rate of increase in the number of passengers carried by U.S.

domestic airlines was seen to approximate I0 percent. In

light of the present economic situation and the prospect

of decreased growth in the air travel market, an annual
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growth rate of 8 percent was used to project the 1985 market.

Over a period of 15 years, however, this rate still accounts

for a trebling of the current market. Since it was desired

that the resultant market represent that of a single major

trunk airline, it was presumed that such an airline would

capture 1/3 of the domestic traffic and 1/2 of the inter-

national traffic on each route. The result of all these

calculations is the daily traffic distribution shown in

Figure 4.0-1. The distinctive peak at 2200 n.mi (4075 km)

represents the east-west market; that at 3200 n.ml (5930 km),

the North Atlantic routes. From this figure it would seem

that 3000 n.mi (5560 km) is an excessive design range for

the advanced transport; however, at least 15 percent must

be added to these geographical distances to specify a design

range because of prevailing winds affecting the east-west

direction. Thus the 3000-n.mi _560 km) design range

specified for Phase II of this study is a logical range to

cover the majority of the domestic routes, including main-
land-Hawail.

For Phase II, the selected markets were restricted to

domestic routes of less than 3000 n.mi _560 km)_ actually

truncating at about 2350 n.mi _355 km). To compensate for

the reduced sample, major city-pairs down to 150 n.mi _80

km) were added. Particularly important additions were New

York-Chlcago, New York-Miami, and Los Angeles-San Francisco,

the last being the single largest market in the United States.

Data for these additional routes came from the previously

mentioned tables of Reference 4-1. By combining the rankings

based on passengers and on passenger-miles, a set of the top

128 U.S. domestic city-pairs was obtained.

The realism of the new route structure was enhanced by

use of the data of Reference 4-4. Each of the 128 city-

pair schedules was analyzed to determine the number of

airlines servicing that market and the representative market

share of an "average" truck airline. In some instances,

this share is 70 to 80 percent, whereas in others, such as

Los Angeles-San Francisco, it drops to only I0 percent

because of the large number of competing airlines. The

respective shares thus defined were applied to the total

projected 1985 traffic, giving the distribution shown in

Figure 4.0-2.

The route structure of this "cream of the crop" market

is illustrated geographically in Figure 4.0-3. These selected

markets do not represent the routes of any one typical
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airline, but rather the best of all the major carriers.

Likewise, the economic return over this set of routes will

be higher than any one airline could ever hope to achieve.

For the purpose of evaluating an airplane design, however,

they are realistic, since a given airplane will be sold to

several airline customers and the distribution of traffic

over these routes, since it is based on actual statistics,

gives a true evaluation of the worth of one design over

another.
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SECTION 5

PERFORMANCE ANALYSIS

Performance studies were conducted to select optimum

conlnercial transport configurations having cruise speeds of

.90 and .98M, a 3000-n.mi (5560 km) range, and a 40,000-1b

(18,140 kg) payload. Analyses were also conducted to deter-

mine the impact of the following advanced technologies on

airplane size and economics:

composite materials

active control systems

reduced noise and pollutant levels

The performance characteristics of the selected .90M

and .98M designs are shown together with range/payload

effects, speed and cruise altitude effects, and FAR field

lengths with associated effects of temperature and airport

elevations. Trade studies are also presented showing the

effects of L/D, dry weight changes, initial cruise altitude,

and field length requirements. The configuration selection

process is summarized, including the effects of the various

technologies on geometry optimization.

The above range and payload were selected on the basis

of maximum return on investment during Phase I of the sub-

ject studies. A comprehensive matrix of parametric con-

figurations were analyzed covering ranges from 2800 n.mi

(5186 km) to 5500 n.mi (10,190 km) and payloads of 30,000

ib (13,608 kg), 40,000 Ib (18,140 kg), and 80,000 Ib

(36,290 kg). The Phase I analysis is not described in

this report, but the data were presented in Convair's

Interim Oral Presentation and Documentation.

5. I PERFORMANCE SUMMARY

The selected .98M and .90M airplanes utilize the ad-

vanced technologies selected by Convair that have the

maximum payoff in return on investment. The major advanced

technologies selected are a supercritical wing, an active

control system, and maximum utilization of composite mater-

ials. The characteristics of the optimum airplane for each

design Math number are given in Table 5.1-1. The range

payload capabilities of the selected configurations are

shown in Figure 5.1-1.
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Table 5.1-1 SELECTED CONFIGURATION CHARACTERISTICS

(3) PRATT &WHITNEY STF 429 ENGINES
/

Takeoff Gross Weight

ib (kg)

Basic Operating Weight

ib (kg)

Wing Area ft 2 (m 2)

S.L.S. Thrust (i Engine)

Ib (N)

Thrust�Weight Ratio

Aspect Ratio

Sweep (Half-Chord) deg

Thickness Ratio (Perpend±cular

to Half-Chord @ M.A.C.)

Range With 60,000 ib (27216 kg)

Payload n.mi (km)

FAR Takeoff Field Length

90°F @ 1000 ft (305 m) ft (m)

(305.2°K)

FAR Landing Field Length

90°F @ 1000 ft (305 m) ft (m)

(305.2°K)

Noise Level - EPNdB

Approach Speed - Knots (km/hr)

@M-.90, Landing Wt - 207840 Ib

(94276 kg)

@M-.98, Landing Wt - 230025 ib

(104339 kg)

M ffi.90

Design

247432

(112214)

127935

(58021)

1970

(183)

22400

(99640)

.272

9.0

36

.1415

1880

(3481)

7900

(2410)

7100

(2164)

FAR36 -I0

144.5

(267.8)

M = .98

Design

273840

(124190)

144128

(65364)

2282

(212)

26480

(117790)

.290

8.0

4O

.ii00

2020

(3740)

8300

(2531)

6800

(2073)

FAR36 -i0

144.5

(267.8)

4O
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A summary of the airplanes developed for the technology

evaluation is shown in Tables 5.1-2 and -3. These tables

also include a conventional-wing, 0.82M, aluminum transport

for comparison purposes. The final selection of the in-

corporated technologies was based on the economic analysis

(Return on Investment) as discussed in Section 6.

5.2 SELECTED CONFIGURATION PERFORMANCE

The performance capabilities of the selected .90M and

.98M configurations are presented in this section. Included

are the range/payload capabilities with the effect of off-

design cruise speed, cruise altitude, and takeoff weight.

FAR field lengths for takeoff and landing are also shown

and incorporate the effects of ambient temperature, field

elevation, and takeoff weight.

5.2.1 Range/Payload Capabilities

The range/payload capabilities of both configurations

are shown in Figure 5.2-1. This figure also shows the

effects of takeoff gross weight on range and payload capa-

bilities. The maximum passenger load plus cargo range is

1880 n.mi (3481 km) for the .90M airplane and 2020 n.mi

(3740 km) for the .98M design.

Payload/range trades for off-design cruise speeds are

shown in Figure 5.2-2 and for off-design cruise altitudes

in Figure 5.2-3. These effects are sunmmrized as a function

of cruise speed and altitude in Figure 5.2-4.

Typical range profiles at the design payload/range

condition are shown in Figures 5.2-5 and 5.2-6. The tables

give the time, fuel used, and range for each segment of

the route flown.

5.2.2 FAR Takeoff Field Length

Takeoff field length variation with gross weight,

ambient temperature, and field elevation for each design is

shown in Figure 5.2-7. These takeoff field lengths are com-

patible with those of domestic airports currently in use.

It may be noted that the takeoff field length for both

airplanes is very nearly the same. This is due to the
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.°

higher L/D and CLMAX of the .90M design being offset by the

higher T/W (.290 vs .272) of the .98M design.

5.2.3 FAR Landing Field Length

Landing field length variation with landing weight

and field elevation is shown in Figure 5.2-8 for both con-

figurations. The approach speed is identical for each air-

plane, as shown in the upper portion of the figure. This

was accomplished by setting the wing loading of the M=.90

design slightly higher than that of the M=.98 design to

offset the higher CLMAX. The difference in landing dis-

tance occurs in the ground roll portion where differences

in weight, drag, and lift affect the braking characteristics.

5.3 SELECTED CONFIGURATION LIFT

AND DRAG CHARACTERISTICS

5.3.1 Cruise Polars

Cruise drag polars for the selected configurations are

shown in Figure 5.3-1. These cruise lift and drag charac-

teristics are based on the wind tunnel results obtained on

the Langley High Performance Configuration. These estimates

were made in accordancewlth the guidelines suggested by

Dr. R. T. Whitcomb for Phase II of the subject study.

5.3.2 Low Speed Lift and Drag

Characteristics

The low-speed lift and drag characteristics for the

selected configurations are presented in Figure 5.3-2 and

5.3-3 for flap deflections from 20 to 50 degrees. These

predictions were made with a General Dynamics procedure

that was found to give good agreement with the three-

dimensional wind tunnel test results for the F-8 super-

critical configuration. The increase in CLMAX for the
.90M design results from the increased thickness ratio and

reduced sweep associated with the reduction in design Mach
number.

5.4 PERFORMANCE TRADES

Trade data showing sensitivity of the airplane size to

various design parameters such as L/D, dry weight, design

cruise altitude, FAR field lengths, and reserve fuel require-

ments are given in this section.

..........52 .......
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5.4.1 Effect of L/D and Dry Weight

The impact of L/D and dry-weight variations on airplane

size are shown in Figure 5._-I for both airplane designs.

These data were used in the analysis of Section 6, where

the economic impact is shown. In each case the airplanes

were resized to maintain the design payload/range.

5.4.2 Design Cruise Altitude Effect

The effect of designing the airplanes for higher initial

cruise altitudes is shown in Figure 5.4-2. In order to

achieve these higher cruise altitudes, oversized engines were

utilized since early parametric studies showed that a wing

loading of about 120 psf (5744 N/m2) was optimum for alti-

tudes in the range of these studies. The Return on Invest-

ment penalty for an initial cruise altitude of 40,000 ft

(12,192 m) is a 7.4 percent reduction in ROI for the .90M

design and 4.4 percent for the .98M design.

5..4.3 FAR Field-Length Trades

increased engine sizes were also utilized to reduce

field lengths. The effects of increased T/W on takeoff

field length are shown in Figure 5.4-3 along with the air-

plane size required for the design payload/range capability.

The corresponding penalty on Return on Investment as a

function of the increased thrust levels is also shown in

Figure 5.4-3.

The increased engine sizes have a beneficial effect

on the takeoff noise level measured at the three-and-one-

half-mile point. This noise level is decreased primarily

due to the shorter takeoff distance and the higher climb-

path capability. The noise levels, climb paths, and cut-

back thrust levels associated with these increased engine

sizes are shown in Figure 5.4-4. A more complete noise

level discussion is given in Section I0.

5.4.4 Reserve Fuel Trades

For the time period in which the advanced transport

will be placed in commercial service, it is feasible to

predict that improved ground control systems, better auto-

matic landing systems, and an increased number of airports

may reduce the reserve requirements from those currently in

use. The maxlmumreductlon could be as much as 25 percent.
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Such a reduction of the requirements used in this study

(fuel for one hour at end cruise weight and fuel flow, plus

fuel for missed approach, climbout, and cruise to an alter-

nate airport 200 n.mi (370 km) away) would be reserves for

45 minutes plus missed approach, climb, and cruise a distance

of 150 n.mi (278 km). This effect on airplane size, fuel,

and cost is shown in Table 5.4-1.

515 CONFIGURATION SELECTION

The rationale and data used in the selection of optimum

wing geometry, wing loading, and cruise altitude for each

design speed is given in this section. In addition, the

data generated for use in selection of advanced technology

application and for final selected configuration sizing are

shown.

Wing geometry was optimized using scalable GE CF 6

engines with a FAR 36 noise-level capability. This was done

because the advanced technology engine data would not be

available until late in the study period. The advanced tech-

nology engines (P&W STF 429 and P&W STF 433) were used in

the final sizing and advanced technology application studies.

5.5.1 Selection Rationale

The rationale and steps used for optimization and

selectlon of the final ATT configurations are shown in Figure

5.5-1. The requirements from the revised statement of work

are shown along with the variables considered for optimiza-

tion in the study. Each selection was made on the basis of

maximum return on investment for both aluminum and composite

wings. The selection process used is summarized in the

steps in the lower portion of Figure 5.5-1.

5.5.2 Wing Geometry Selection

Optimum wing geometry was selected for both aluminum

and composite wing airplanes. A preliminary wing loading

(W/S) was selected to be used in parametric studies. A

range of aspect ratios for each cruise speed and a wing

sweep/thickness variation for the M-.90 design were selected

for optimization procedures. From these data, airplanes

were sized and optimum wing geometry and cruise altitudes
were selected based on maximum return on investment. This

optimum geometry was then utilized to assess the impact of

the advanced technologies and select the promising tech-

nology payoffs.
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5.5.2.1 Range of Parametric Variations

A preliminary analysis was made using the NASA 0.98M

High-Performance Configuration to select a wing loading to

be used in the parametric studies. The selection of 120

psf (5744 N/m 2) was made on the basis of minimum airplane

gross weight. This study is illustrated in Figure 5.5-2.

A check of wing loading effects on ROI was also made after

selection of optimumwing geometry.

The wing sweep/thickness distribution of the NASA High-

Performance Configuration was used for the .98M design.

This wing has a 40 ° mld-chord sweep and a thickness ratio

of ii percent perpendicular to the reference sweep line at

the mean aerodynamic chord.

Three sweep/thickness ratio combinations were selected

for optimization on the .90M design. Each combination gives

the design cruise Mach number of .90. These values were

selected from the variation shown in Figure 5.5-3. This

curve was obtained using infinite-span sweep theory adjusted

to give a variation which satisfies both two-dimensional

test results and the three-dimensional test results for the

Langley High-Performance Configuration.

Aspect ratios from6.4 to 9.0 were chosen as a range

broad enough to optimize ROI.

5.5.2.2 Geometry Selection

Geometry selection was accomplished in two steps. Air-

planes were sized for the required range at three cruise

altitudes for each combination of wing geometry. With these

airplanes, a cost analysis was then made to determine maxi-

mum return on investment as a function of wing geometry and

cruise altitude.

The rules for range computatio n used for this study

are those specified in the Air Transport Association of

America Engineering and Maintenance Memorandum 67-81 dated

October 26, 1967 and revised by memorandum 68-4 dated

January 18, 1968. These rules are as follows:

Warm up and taxi allowance

Takeoff allowance

Climb with max climb power

Fuel for 14 min @ idle power

i min @ T.O. power

As required

6:
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Step climb cruise

(normal cruise power)

Maneuver allowance

Descent

Reserves

As required

6 min @ cruise power

As required

(a) Fuel for I hr at end of

cruise wt and fuel flow

(b) plus fuel for a missed

approach, climb, and cruise

to alternate airport.

M=.98 Aspect Ratio Selection

Airplane sizing effects are shown in Figure 5.5-4 for

the .98M airplanes. Tables 5.5-1 through 5.5-3 present the

pertinent data required for cost analysis. The results of

the cost analysis are presented in Figure 5.5-5, showing

the variation of return on investment with aspect ratio and

cruise altitude. As may be noted, the optimum aspect ratio

is slightly higher than the selected values. The slightly

lower values of aspect ratio were selected since no appreci-

able change in ROI was indicated, and the structural and

flutter problems associated with higher aspect ratios would

be minimized. No constraint is placed on airplanes at this

time for FAR field-_ength requirements since the bypass ratio

of the new engines would change, hence affecting the thrust

lapse rate and the-field-length capabilities. This con-

straint was to be analyzed in the final airplane selection.

Mffi.90 Geometry Selection

The Mr.90 optimum geometry selection included wing

sweep/thickness in addition to aspect ratio selection. The

first selection was for sweep/thickness. Airplanes with

the nominal aspect ratio of 7.8 were sized for a variation

of sweep/thickness giving a drag divergence Mach number of

.90. The variations of airplane size and ROI are given in

Figure 5.5.-6 and the associated cost data in Tables 5.5-4

through 5.5-6. As may be seen in Figure 5.5-6, the return

on investment increased with increasing sweep up to the

maximum allowable thickness of the wing at the root chord.

This thickness is set by the space between the floor of

the passenger compartment and the lower fuselage contour.

This results in a maximum thickness/sweep combination of

.1415 t/c at a mld-chord sweep of 36 ° as about the maximum

for the wing areas under consideration.
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Table 5.5-1 COST ANALYSIS DATA FOR ASPECT RATIO

ePAYLOAD - 40,000 lb eRANGE - 3,000 n.m£

(18,140 ks) (5,560 kin)

SELECTION: M'. 98,

,J_ _ - 40°

AR=6.4

Ot/c =

COMPOSITE ALb'MIN_

CRUISE ALT, ft

(m)

SEEF, ft2

(_)

TOG"d, lb
(ks)

BOW, lb

(kg)

USEFUL LOAD, Ib

(kg)

FUEL, ib (kg)
TOTAL

TAXl & T.O. FUEL

CLIMB

CRUISE

DESCENT

RESERVES

BLOCK

ENGINE SCALE

T/W

DISTANCE n.ml (kin)

CLIMB

DESCENT

TIME

CLIMB, min

DESCENT, min

BLOCK, hr
, !

36,000 38,000 40,000
(10,973) (11,582)(12,192)

2,460 2,480 2,530
(228.5) (230.4) (235.0)

295,200 297,600 303,600
(133,903) (134,99DQ-37,713)

159,400 162,500 168,400

(72,304) (73,710)G_386)

7,364 7,364 7,364
(3,340) (3,340) (3,340)

95,800 95,100 95,200

(43,455) (43,137)(43,183)

1,360 1,460 1,640
(616.9) (662.3) (743.9)

9,820 9,800 9,550
(4,454) (4,445) (4,332)

65,400 64,610 64,540
(29,665) (29,307) (29,275)

720 770 860

(327) (349) (390)

18,500 18,460 18,610
(8,392) (8,373) (8,441)

77,300 76,640 76,590
(35,063) (34,764) (34,741)

.689 .738 .830

.357

36,000 38,000

(10,973) (11,582)

40,000
(12,192)

2,700 2,735 2,802
(250.8) (254.1) (260.3)

324,000 328,200
(146,966) (148,872)

181,450 185,800

(82,306) (84,279)

336,240

(152,518)

193,150

(87,613)

7,364 7,364 7,364
(3,340) (3,340) (3,340)

102,550 102,440

(46,517) (46,467)
103,090
(46,762)

1,450 1,565 1,770
(657.7) (709.9) (802.9)

10,750 10,740 10,490
(4,876) (4,872) (4,758)

69,510 69,165
(31,530) (31,373)

69,520
(31,534)

780 850 980

(354) (386) (445)

20,060 20,080 20,330
(9,099) (9,108) (9,222)

82,490 82,320 82,760
(37,417) (37,340) (37,540)

.736 .793 .897

.3794 .4183 .3476 .3697 .4082

196 192 174 200 196

(363) (356) (322) (370) (363)

106 110 114

(196) (204) (211)

177

(328)

24 24 21

16 16 17

5.95 5.95 5.95

69

109 114 119

(202) (211) (220)

25 24 22
16 17 17

5.96 5.96 5.95
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Table 5.5-2 COST ANALYSIS DATA FOR ASPECT RATIO SELECTION:

 Av AD- 40,000lb *RANGE-3,000n..i - 40°
(18,140 kg) (5,560 kin)

&

CRUISE ALT, ft
(m)

SREF, ft2

(m2)

TOGW, Ib

(kg)

BOW, Ib
(kg)

USEFUL LOAD, ib
(kg)

FUEL, ib (kg)
TOTAL

TAXI & T.O. FUEL

CLIMB

CRUISE

DESCENT

RESERVES

BLOCK

ENGINE SCALE

T/W

DISTANCE n.mi (km)
CLIMB

DESCENT

TIME

CLIMB, min

DESCENT, min

BLOCK, hr

COMPOSITE ALUMINUM

36o000 38,000 40,000
(10,973) (11,582) (12,192)

2,403 2,408 2,431

(223.2)_ (223.7) (225.8)

288,360 288,960 291,720
(130,800)(131,072) (132,324)

157.750 159,800 164,150
(71,555) (72,485) (74,458)

7,364 7,364 7,364
(3,340) (3,340) (3,340)

90,610 89,160 87,570

(41,101) (40,443) (39,722)

1,260 1,335 1,475

(571.5) (605.6) (669.1)

9,970 9,910 9,550

(4,522) (4,495) (4,332)

61,140 59,825 58,475

(27,733) (27,137) (26,524)

690 740 820

(313) (336) (372)

17,550 17,350 17,250

(7,961) (7,870) (7,825)

73,060 71,810 70,320

(33,140) (32,573) (31,897)

.640 .677 .748

.3396 .3585 .3923

215 214 195

(398) (396) (361)

109 113 119

(202) (209) (220)

26 26 24
17 17 18

5.97 5.97 5.97

36,000 38,000 40,000
(10,973) (11,582) (12,192)

2,642 2,652 2,692
(245.4) (246.4) (250.1)

317,040 318,240 323,040
(143,809)(144,354)(146,531)

180,250 182,900 188,500
(81,761) (82,963) (85,504)

7,364 7,364 7,364
(3,340) (3,340) (3,340)

96,790 95,340 94,540

(43,904) (43,246) (42,883)

1,350 1,435 1,590

(612.4) (650.9) (721.2)

10,900 10,850 10,500

(4,944) (4,922) (4,763)

64,750 63,395 62,730

(29,371) (28,756) (28,454)

760 820 920

(345) (372) (417)

19,030 18,840 18,800

(8,632) (8,546) (8,528)

77,760 76,500 75,740

(35,272) (34,700) (34,356)

.684 .727 .806

.3301 .3495 .3817

220 218 198

(407) (404) (367)

113 118 123

(209) (219) (228)

27 27 24
17 17 18

5.97 5.96 5.95
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Table 5.5-3 COST ANALYSIS DATA FOE ASPECT RATIO SELECTION: M=.98, AR-9.0

ePAYLOAD - 40,000 ib eRANGE - 3,000 n.ml O_ - 40 ° @t/c ffi

(18,140kg) (5,560
.11

CRUISE ALT, fC
(m)

SREF, ft2

(m 2 )

TOGW, lb

(kg)

BOW, Ib

(ks)

USEFUL LOAD, lb
(kg)

FUEL, lb (kg)
TOTAL

TAXI & T.O. FUEL

CLIMB

CRUISE

DESCENT

RESERVES

BLOCK

ENGINE SCALE

T/W

DISTANCE n.mi (km)
CLIMB

DESCENT

TIME

CLIMB, min

DESCENT, min

BLOCK, hr

COMPOSITE ALUMINUM

36,000 38,000 40,000
(10,973) (11,582) (12,192)

2,391 2,387 2,398
(222.1) (221.8) (222.8)

286,920 286,440 287,760
(130,147)(129,929)(130,530)

158,650 160,100 163,500

(71,964) (72,621) (74,164)

7,364 7,364 7,364
(3,340) (3,340) (3,340)

88,270 86,340 84,260
(40,039) (39,164) (38,220)

1,220 1,280 1,400
(553.4) (580.6) (635.0)

10,160 • 10,190 9,680
(4,609) (4,622) (4,391)

59,080 57,320 55,770

(26,799) (26,000) (25,297)

700 720 820
(318) (327) (372)

17,110 16,830 16,590
(7,761) (7,634) (7,525)

71,160 69,510 67,670
(32,278) (31,530) (30,695)

.619 .648 .710

.330 .346 .378

229 230 209

(424) (426) (387)

112 112 123

(207) (207) (228)

28 28 25

17 17 18
5.97 5.97 5.96

36,000 38,000 40,000
(10,973) (11,582) (12,192)

2,640 2,640 2,662
(245.3) (245.3) (247.3)

316,800 316,800 319,440

(143,700) (143,700) (144,898)

182,400 184,150 188,600

(82,737) (83,530) (85,549)

7,364 7,364 7,364
(3,340) (3,340) (3,340)

94,400 92,650 90,840
(42,820) (42,026) (41,205)

1,305 1,370 1,510

(591.9) (621.4) (684.9)

11,180 11,180 10,650

(5,071) (5,071) (4,831)

62,565 61,030 59,710
(28,379) (27,683) (27,084)

750 770 870

(340) (349) (395)

18,600 18,300 18,100

(8,437) (8,301) (8,210)

75,800 74,350 72,740
(34,383) (33,725) (32,995)

.661 .696 .765

.319 .336 .336

235 235 213

(435) (435) (394)

116 116 127

(215) (215) (235)

29 29 26
18 18 19

5.98 5.98 5.97
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Table 5.5-4 COST ANALYSIS DATA FOR SWEEP

ePAYLOAD = 40,000 lb eEANGE = 3,000n.ml

(18,140 ks) (5,560 kffi)

CRUISE ALT, ft

(m)

f2

SREF,(mE)

TOGW, lb

(kg)

USEFUL LOAD, ib
(kg)

FUEL, lb (kg)
TOTAL

TAXI & T.O. FUEL

CLIMB

CRUISE

DESCENT

RESERVES

BLOCK

ENGINE SCALE

T/W

DISTANCE n.mi

CLIMB

DESCENT

TIME

CLIMB, mln

DESCENT, min

BLOCK, hr

(k=)

COMPOSITE

36,000 38,000 40,000

(10,973) (11,582) (12,192)

2,145 2,170 2,233
(199.3) (201.6) (207.5)

257,400 260,400 267,960
(116,757)(118,117)(121,547)

137,500 140,400 146,400
(62,370) (63,685) (66,407)

7,364 7,364 7,364
(3,340) (3,340) (3,340)

79,900 80,000 81,560
(36,243) (36,288) (36,996)

1,105 1,195 1,370
(501.2) (542.1) (621.4)

9,230 9,150 8,600
(4.,187) (4,150) (3,901)

54,005 53,945 55,530

(24,497) (24,469) (25,188)

580 620 740

(263) (281) (336)

14,980 15,090 15,320
(6,795) (6,845) (6,949)

64,920 64,910 66,240
(29,448) (29,443) (30,046)

.560 .607 .696

.333 .357 .397

226 217 186

(419) (402) (344)

102 105 112

(189) (194) (207)

29 28 24

16 16 17

6.42 6.42 6.42

.-. 9o,c' . " 30°SELECTION

OAR = 7.8 Ot/c - .098

ALUMINIM

36,000 38,000 40,000
(10,973)(11,582) (12,192)

2,384 2,418 2,503
(221.5) (224.6) (232.5)

286,080 290,160 300,360
(129,766) (131,617) (136,243)

159,700 163,500 171,500
(72,440) (74,164) (77,792)

7,364 7,364 7,364
(3,340) _(3,340) (3,340)

86,380
(39,182)

1,195
(542.1)

10,170
(4,613)

58,065

(26,338)

630

(286)

16,320
(7,403)

70,060
(31,779)

.605

.324

86,660 88,860
(39,309) (40,307)

1,295 1,500
(587.4) (680.4)

.10,070 9,530
(4,568) (4,323)

58,115 60,010

(26,361) (27,221)

680 820

(308) (372)

16,500 17,000
(7,484) (7,711)

70,160 71,860
(31,825) (32,596)

.657 .760

.346 .387

230 220 189

(426) (407) (350)

108 110 116

(200) (204) (215)

29 28 24

17 17 17
6.42 6.42 6.42

6 -'
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ANALYSIS DATA FOR SWEEP SELECTION: M=.90,JL- _ - 33 °Table 5.5-5 COST

2

@PAYLOAD = 40,000 ib @RANGE = 3,000 n.mi eAR - 7.8 @t/c
(18,140 lb) (5,560 km)

= .118

_.r ?

/-

i

CRUISE ALT, ft

(m)

SREF, ft2

(m 2)

TOGW, lb
(kg)

BOW, Ib

USEFUL LOAD, ib
(kg)

FUEL, Ib (kg)
TOTAL

TAXI & T.O. FUEL

CLIMB

CRUISE

DESCENT

RESERVES

BLOCK

ENGINE SCALE

T/W

DISTANCE n.mi (km)
CLIMB

DESCENT

TIME

CLIMB, min
DESCENT, mln

BLOCK, hr

COMPOS ITE ALUMINUM

36,000 38,000 40,000
(10,973) (11,582) (12,192)

2,145 2,168 2,230

(199.3) (201.4) (207.2)

257,400 260,160 267,600
(116,757) (118,009) (121,383)

136,800 139,600 145,600
(62,052) (63,323) (66,044)

7,364 7,364 7,364
(3,340) (3,340) (3,340)

80,600 80,560 82,000
(36,560) (36,542) (37,196)

1,110 1,200 1,375

(503.5) (544.3) (623.7)

9,470 9,310 8,660
(4,296) (4,223) (3,928)

34,430 54,300 55,805
(24,689) (24,630) (25,313)

570 620 740

(259) (281) (336)

15,020 15,130 15,420
(6,813) (6,863) (6,995)

65,580 65,430 66,580
(29,747) (29,679) (30,201)

.562 .608 .698

.334 .358 .399

231 221 187

(428) (409) (346)

100 104 111

(185) (193) (206)

29 28 24

16 16 17

6.42 6.41 6.42

36,000 38,000 40,000
(10,973) (11,582) (12,192)

2,347 2,377 2,464
(218.0) (220.8) (228.9)

281,640 285,240 295,680
(127,752)(129,385)(134,120)

155,700 159,100 167,200
(70,626) (72,168) (75,842)

7,364 7,364 7,364
(3,340) (3,340) (3,340)

85,940 86,140 88,480
(38,982) (39,073) (40,135)

1,180 1,280 1,485
(535.2) (580.6) (673.6)

10,270 10,090 9,430
(4,658) (4,577) (4,277)

57,700 57,760 59,925
(26,173) (26,200) (27,182)

610 670 800

(277) (304) (363)

16,180 16,340 16,840
(7,339) (7,412) (7,639)

69,760 69,800 71,640

(31,643) (31,661) (32,496)

.599 .650 .754

.325 .349 .390

236 223 189

(437) (413) (350)

106 109 114

(196) (202) (211)

30 28 24
17 17 18

6.42 6.42 6.42
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Table

OPAYLOAD

A C I 36°
5.5-6 COST ANALYSIS DATA FOR SWEEP SELECTION: M-.90,j_

- 40,000 lb ORANGE " 3,000 n.mi eAR - 7.8 e¢/c

(18,140 kS) (5,560 k=)

- .1415

CRUISE ALT, ft

(m)

f2

SREF,

TOGW, lb
(ks)

BOW, ib

(kg)

USEFUL LOAD, ib
(ks)

FUEL, lb (kg)
TOTAL

TAXI & T.O. FUEL

CLIMB

CRUISE

DESCENT

RESERVES

BLOCK

ENGINE SCALE

T/W

DISTANCE n.ml

CLIMB
(_)

DESCENT

TIME

CLIMB, mln

DESCENT, mln

BLOCK, hr

COMPOSITE

36,000 38,000 40,000
(10,973) (11,582) (12,192)

2,141 2,160 2,225
6198.9) (200.7) (206.7)

256,920 259,200 267,000
(116,539)(117,573)(121,111)

136,100 138,600 144,800
(61,735) (62,869) (65,681)

7,364 7,364 7,364
(3,340) (3,340) (3,340)

80,820 80,600 82,520
(36,660) (36,560) (37,431)

1,110 1,197 1,384
(503.5) (543.0) (627.8)

9,470 9,280 8,580
(4,296) (4,209) (3,892)

54,620 54,413 56,556
(24,776) (24,682) (25,654)

570 620 640

(259) (281) (290)

15,050 15,090 15,360

(6,827) (6,845) (6,967)

65,770 65,510 67,160
(29,833) (29,715) (30,464)

.563 .607 .702

.336 .358 .4023

232 222 185

(430) (411) (343)

102 104 106

(189) (193) (196)

30 28 23.5
15 16 16

6.41 6.42 6.42

ALt_INUH

36,000 38,000 40,000
(10,973) (11,582) (12,192)

2,310 2,340 2,425
(214.6) (217.4) (225.3)

277,200 280,800 291,000
(125,738)(127,371)(131,998)

151,800 155,300 163,200
(68,856) (70,444) (74,028)

7,364 7,364 7,364
(3,340) (3,340) (3,340)

85,400 85,500
(38,737) (38,783)

1,170 1,270
(530.7) (576.1)

10,1.50 9,950
(4,604) (4,513)

57,460 57,400
(26,064) (26,037)

620 760

(281) (345)

16,000 16,120
(7,258) (7,312)

69,400 69,380
(31,480) (31,471)

.594 .644

.328 .3509

87,800
(39,826)

1,479
(670.9)

9,280
(4,209)

59,631
(27,049)

790

(358)

16,620
(7,539)

71,180
(32,287)

.750

.3943

235 224 187

(435) (415) (346)

104 106 108

(193) (196) (200)

30 28.2 23.8
16 16 16

6.42 6.42 6.42
<>
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The sweep of 36°.A_,_ was selected and airplanes sized
for each aspect ratio C_e sizing data for these airplanes

are shown in Figure 5.5-7. The cost analysis data for each

of these airplanes are given in Tables 5.5-6 through 5.5-8

and the resulting return on investment data in Figure 5.5-8.

5.5.3 Final Airplane Selections

With the optimum geometry selected, the next phase was

twofold: to install the advanced technology engines and to

select the advanced technologies to be incorporated in the

final configuration.

5.5.3.1 Conventional Transport Sizing

For comparison purposes, a conventional aluminum wing

transport was sized with the quiet 1979 engines. For sim-

plicity, a scaled DC-10 type airplane was selected. The

airplane was sized for a range of 3000 n.mi (5560 km) with

a payload of 40,000 pounds (18,140 kg). Cost data is shown

in Table 5.5-9.

5.5.3.2 Advanced Technology Application Effects

The impact of advanced technology applications on the

design airplane characteristics is shown in Tables 5.5-10

and 5.5-11 for the Mach .98 and the Mach .90 airplanes, all

having supercritical wings.

Progressing from left to right, the first airplane is

an all aluminum airplane. Following in this order are an

aluminum airplane with full active control system (ACS),

maximum composite usage, and composite with ACS. Each of

these airplanes have the 1979 engine (P&W STF429) and meet

the FAR 36 -I0 EPNdB noise levels. The next two airplanes

are also composite with ACS but are sized with the 1985

engines (P&W STF433) to achieve the FAR 36 -15 EPNdB noise

levels. The first of these airplanes achieves the -15 EPNdB

noise level. The second one has oversizedengines to achieve

a maximum community noise abatement through shorter takeoff,

steeper climbout, and two-segment-approach technique. The

noise levels are discussed in Section i0.

The sizing curves for the technology trade airplanes

are shown in Figure 5.5-9. Both selected configurations

have full active control systems and maximumutilization of

composites. This selection of advanced technology applications
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Table

ePAYLOAD

5.5-7 COST ANALYSIS DATA FOR ASPECT RATIO SELECTION:

/% C = 36°= 40,000 lb eRANGE = 3,000 n.m£ @/L;

(18,140 kg) (5,560 km)

........... COMPOSITE

CRUISE ALT, ft

(m)

Mr.90, AR-6.4

Otlc = .1415

ALUMINUM

SREF, ft2

(.2)

TOGW, ib

(kg)

BOW, Ib

(kg)

USEFUL LOAD, Ib

(kg)

FUEL, ib (kg)
TOTAL

TAXI & T.O. FUEL

CLIMB

CRUISE

DESCENT

RESERVES

BLOCK

ENGINE SCALE

T/W

DISTANCE n.mi (km)
CLIMB

DESCENT

TIME

CLIMB, min

C_ DESCENT, mln
BLOCK, hr

36,000 38,000 40,000
(10,973) (11,582) (12,192)

2,232 2,271 2,377
(207.4) (211.0) (220.8)

267,840 272,520 285,000
(121,492) (123,615) (129,276)

140,500 144,200 153,000
(63,731) (65,409) (69,401)

7,364 7,364 7,364
(3,340) (3,340) (3,340)

36,000 38,000 40,000

(10,973) (11,582) (12,192

2,398 2,451 2,571

(222.8) (227.7) (238.9)

287,760
(130,528)

155,600
(70,580)

7,364
(3,340)

87,340 88,320 92,000 92,160
(39,617) (40,062) (41,731) (41,804)

1,225 1,345 1,595 1,295

(555.7) (610.1) (723.5) (587.4)

9,240 9,120 8,670 9,870

(4,191) (4,137) (3,933) (4,477)

60,065 60,775 63,805 63,135

(27,245) (27,568) (28,942) (28,638)

610 680 780 660

(277) (308) (354) (299)

16,200 16,400 17,150 17,200

(7,348) (7,439) (7,779) (7,802)

71,140 71,920 74,850 74,960
(32,269) (32,623) (33,952) (34,002)

.622 .683 .809 .656

.356 .383 .434 .350

203 192 160

(376) (356) (296)

99 102 104

(183) (189) (193)

26 25 21

15 16 16
6.41 6.42 6.42

294,120 308,520

(133,413)(139,945)

160,500 171,100

(72,803) (77,611)

79

7,364 7,364
(3,340) (3,340)

93,620 97,420

(42,466) (44,190)

1,430 1,700
(648.6) (771.1)

9,780 9,300
(4,436) (4,218)

64,170 67,160
(29,108) (30,464)

730 860

(331) (390)

17,510 18,400

(7,943) (8,346)

76,110 79,020

(34,523) (35,843)

.724 .862 1

.377 .427

205 194 1611

(380) (359) (298)

I01 104 1061

(187) (193) (196) I
P

26 25 21

16 16 16

6.42 6.42 6.411



Table 5.5-8 COST ANALYSIS DATA FOR ASPECT RATIO SELECTION:

@PAYLOAD = 40,000 ib @RANGE = 3,000 n.mi @j_ C = 36 °

(18,14o ks) (5,560 kffi)
Ikl

M'.90, ._t"9.0

et:/c = .1415

CRUISE ALT, ft

(m)

SREF, ft2

TOGW, ib

(kg)

BOW, Ib
(kg)

USEFUL LOAD, ib

(kg)

FUEL, ib (kg)
TOTAL

TAXI & T.O. FUEL

CLIMB

CRUISE

DESCENT

RESERVES

BLOCK

ENGINE SCALE

T/W

DISTANCE n.ml

CLIMB
(k=)

DESCENT

TIME

CLIMB, min

DESCENT, mln

BLOCK, hr

COMPOSITE ALUMZNUM

36,000 38,000 40,000
(10,973) (11,582) (12,192)

2,100 2,110 2,152
_(195.1) (196.0) (199.9)

252,000 253,200 258,240
(114,307)(114,852)(117,138)

134,500 136,500 141,400
(61,009) (61,916) (64,139)

7,364 7,364 7,364
(3,340) (3,340) (3,340)

77,500 76,700 76,840
(35,154) (34,791) (34,855)

1,055 1,125 1,278
(478.5) (510.3) (579.7)

9,720 9,550 8,680
(4,409) (4,332) (3,937)

51,695 51,005 51,842
(23,449) (23,136) (23,516)

550 580 620

(249) (263) (281)

14,480 14,440 14,420

(6,568) (6,550) (6,541)

63,020 62,260 62,420
(28,586) (28,241) (28,314)

.535 .5705 .648

.325 .3447 .3839

252 242 203
¢467) (448) (376)

103 106 108

(191) (196) (200)

32 31 26
15 16 16

6.40 6.42 6.42

36,000 38,000 40,000
(10,973) (11,582) (12,192)

2,290 2,304 2,363
(212.7) (214.0) (219.5)

274,800 276,480 283,560
(124,649) (125,411) (128,623)

152,300 154,700 160,800
(69,083) (70,172) (72,939)

7,364 7,364 7,364
(3,340) (3,340) (3,340)

82,500 81,780 82,760
(37,422) (37,095) (37,540)

1,120 1,197 1,364
(508.0) (543.0) (618.7)

10,550 10,320 9,400

(4,785) (4,681) (4,264)

54,740 53,953 55,666
(24,830) (24,473) (25,250)

610 720 770

(277) (327) (349)

15,480 15,590 15,560

(7,022) (7,072) (7,058)

67,020 66,190 67,200
(30,400) (30,024) (30,482)

.567 .607 .6915

.3155 .3359 .3731 :

257 246 205

(476) (456) (380)

107 108 109

(198) (200) (202)i

33 31 26
16 17 17 i

6.42 6.42 6.42___J

J )
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@PAYLOAD = 40,000 lb
(18,140 kg)

Table 5.5-9 CONVENTIONAL M=. 82 TRANSPORT

•RANGE- 3,000 n.mi "A. C
(5,56O km)

= 31.75 °

eAR = 6.8 oc/c = .10

NOISE LEVEL

CRUISE ALT, ft
(=)

SREF, fC2
(=2)

TOGW, Ib

(ks)

USEFUL LOAD, lb
(kg)

WATER, Ib
(ks)

FUEL, Ib (kg)
TOTAL

TAXI & T.O. FUEL

CLIMB

CRUISE

DESCENT

RESERVES

BLOCK

ENGINE

ENGINE SCALE

T/W

DISTANCE, n.mi (km)
CLIMB

DESCENT

TIME

CLIMB, min
DESCENT, min
BLOCK, hr

FAR 36

33,000
(10,058)

2,485
(230.9)

298,200
(135,264)

162,144
(73,549)

7,364
(3,340)

0

(o)

96,055
(43,571)

1,170
(531)

11,040
(5,008)

66,265
(30,058)

560
(254)

17,020
(7,720)

79,035
(35,850)

GE-CF6

.585
.30

230
(426)

92

(170)

31
15

6.92

FAR 36
-10 EPNDB

33,000
(10,058)

2,540
(236.0)

304,800
(138,231)

163,554
(74,174)

7,364
(3,340)

970

(440)

100,281
(45,479)

1,264
(573)

11,500
(5,216)

68,327
(30,993)

490

(222)

18,700
(8,482)

81,581
(37,005)

P&W429

.669

.263

240

(444)

75

(139)

22
12

6.92

82 -"
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\ Table 5.5-10 COST ANALYSIS DATA FOR TECHNOLOGY STUDIES : M=.98

ePAYLOAD = 40,000 lb ORANGE = 3,000 n.mi eJ_ c = 40 ° et/c =

(18,140 kg) (5,560 kin) 2
eSUPERCRITICAL WING

*FAR36-15 EPNDB NOISE LEVEL _FAR36-MAX EPNDB NOISE LEVEL (SEE SECTION I0)

CRUISE ALT, ft

(m)

.Ii

ALUM COMP COMP COMP

ALUM + ACS COMP + ACS + ACS* + ACS**

36,000 36,000 36,000 36,000 36,000 40,000

(10,973) (10,973) (10,973) (10,973) (10,973) (12,192)

AR 7.5 7.5 8.0 8.0 8.0 8.0

SREF, ft 2 2,685 2,570 2,320 2,282 2,325 2,355

(m 2) (249.4) (238.8) (215.5) (212.0) (216.0) (218.8)

TOGW, Ib

(kg)

BOW, Ib

(kg)

USEFUL LOAD, Ib

(kg)

WATER, Ib

(ks)

322,200 308,400 278,400 273,840 279,000 282,600

(146,122) (139,863) (126,258) (124,190) (126,531.) (128,163)

182,392 171,968 147,374 144,128 147,307 152,769

_2,717) (77,990) _6,836) (65,364) (66,806) (69,283)

7,364 7,364 7,364 7,364 7,364 7,364
(3,340) (3,340) (3,340) (3,340) (3,340) (3,340)

1,080 1,035 965 960 1,020 1,190

(490) (469) (438) (435) (463) (540)

FUEL, ib (kg)
TOTAL

TAXI & T.O. FUEL

CLIMB

CRUISE

DESCENT

98,728 95,397 90,061 88,752 90,673 88,641

_4,775) _3,264) _0,844) _0,251) (41,122) (40,200)

1,363 1,321 1,224 1,210 1,270 1,486
(618) (599) (555) (549) (576) (674)

12,360 11,930 12,000 11,620 12,170 10,700
(5,606) (5,411) (5,443) (5,271) (5,521) (4,854)

64,740 61,886 58,677 57,972 59,103 58,215

(29,366) (28,071) (26,616) (26,296) (26,809) (26,046)

515 510 450 450 480 540
(234) (231) (204) (204) (218) (245)

RESERVES

i
BLOCK

!ENGINE

ENGINE SCALE

T/W

DISTANCE n.mi

CLIMB

DESCENT

TIME

CLIMB, min
DESCENT, min

BLOCK, hr

19,750 19,750 17,710 17,500 17,650 17,700
(8,959) (8,959) (8,033) (7,938) (8,006) (8,029)

78,978 75,647 72,351 71,252 73,023 70,941

(35,824) (34,313) (32,818)--(32,320) (33,123) (32,179)

STF429 STF429 STF429 STF429 STF433 STF433

.745 .722 .669 .662 .670 .786

.277 .281 .288 .290 .288 .334

(k_)
250 250 280 275 282 234

(463) (463) (519) (510) (522) (433)

95 95 85 86 86 90

(176) (176) (157) (159) (159) (167)

34 34 35 34 34 27

14 14 13 14 14 14

5.94 5.94 5.94 5.94 5.94 5.94

................................................ 83



Table 5.5-11 COST ANALYSIS DATA FOR TECHNOLOGY STUDIES: M-.90

- 40,000 lb _ANGE - 3,000 n.mi e./1._ - 36 ° _c/c - .1415OPAYLOAD

(18,140 kg) (5,560 km) eStrPERCRITICALZ WING

*FAR36-15 EPNDB NOISE LEVEL **FAR36-MAX EPNDB NOZSE LEVEL (SEE SECTION I0)

CRUISE ALT, ft
(m)

AR

SREF, f_2
(m_)

TOGW, lb
(ks)

BOW, Xb
(ks)

USEFUL LOAD, ib
(ks)

WATER s Xb
(ks)

FUEL, lb (kg)
TOTAL

TAXI & T.O. FUEL

CLI.I_

CRUISE

DESCENT

RESERVES

BLOCK

s

ENGINE

ENGINE SCALE

T/W

DISTANCE n.mi (km)
CLIMB

DESCENT

TIME

CLIMB, rain
DESCENT, mln

BLOCK, hr

ALUM COMP COMP COMP
ALUM + ACS COMP + ACS + ACS* + ACS**

36,000 36,000 36,000 36,000 36,000 40,000
(10,973) (10,973) (10,973) (10,973) (10,973) (12,192)

8.5 8.5 9.0 9.0 9.0 9.0

2,275 2,205 1,990 1,970 2,005 2,100
(211.4) (204.9) (184.9) (183.0) (186.3) (195.1)

285,740 276,948 249,944 247,432 251,830 263,760
(129,588 (125,600) (113,353) (112,214) (114,208) (119,619)

155,835 149,097 130,375 127,935 130,250 139,580

(70,674) (67,618) (59,127) (58,021) (59,070) (63,302)

7,364 7,364 7,364 7,364 7,364 7,364
(3,340) (3,340) (3,340) (3,340) (3,340) (3,340)

910 895 820 810 870 1,100
(413) (406) (372) (367) (395) (499)

88,995 86,956 78,749 78,687 80,710 83,080
(40,361) (39,436) (35,714) (35,686) (36,603) (37,678)

1,145 1,120 1,034 1,040 1,075 1,370
(519.4) (508.0) (469.0) (471.7) (487.6) (621.4)

13,400 13,050 12,200 12,100 12,270 9,630
(6,078) (5,919) (5,534) (5,489) (5,566) (4,368)

56,910 55,666 49,915 50,022 51,765 55,720
(25,814) (25,250) (22,641) (22,690) (23,481) (25,275)

440 430 400 395 400 510

(200) (195) (181) (179) (181) (231)

17,100 16,690 15,200 15,130 15,200 15,850
(7,757) (7,571) (6,895) (6,863) (6,895) (7,190)

71,895 70,266 63,549 63,557 65,510 67,230
(32,612) (31,873) (28,826) (28,829) (29,715) (30,496)

STF429 STF429 STF429 STF429 STF433 STF433

.626 .6125 .565 .560 .568 .724

.263 .265 .271 .272 .271 .329

326 326 332 321 332 204
(604) (604) (615) (615) (615) (378)

92 91 91 91 91 96

(170) (169) (169) (169) (169) (178)

42 42 42 42 42 26
13.5 13.7 14.0 13.0 13.0 15.0
6.42 6.42 6.42 6.42 6.42 6.42

\
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is discussed in the sun_ry section and the cost analysis of

these airplanes given in Section 6.

5.5.4 Selected Airplane Sizing

Final sizing of the selected configurations was made to

include the effects of FAR field-length requirements, climb

gradients, and other cruise impacts. The growth curves for

these airplanes with engines sized for several cruise alti-

tudes are shown in Figure 5.5-10, and data for the cost

analysis of the airplanes sized for 3000 n.mi (4828 km) are

shown in Tables 5.5-12 and -13. FAR field lengths for each

of these airplanes are shown in Figure 5.5-11.

Cost variations with initial cruise altitude are pre-

sented in Figures 5.5-12 and -13 for the selected configura-

tions. It may be noted that the .98M airplane ROI peaks

near an altitude of 36,000 ft (10,973 m), hence the selection

of that initial cruise altitude. ROI for the .90M airplane

continues to increase with reduced altitude; however, 36,000

ft (10,973 m) was selected in order to maintain the T/W levels

compatible with achieving takeoff field lengths near those

of the .98M airplane. Finally, the wing loading of^ the .90M

configuration was increased to 125.6 psf (6012 N/m z) to

obtain the same approach speed as the .98M design. It is

seen that this change in wing loading has very little effect

on ROI except, perhaps, at the very lowest initial cruise

altitude.
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Table 5.5-12 COST ANALYSIS DATA FOR SELECTED AIRPLANES: M-.98

ePAYLOAD = 40,000 lb ORANGE= 3,000 n.mi o./L$ - 40° et/¢ =
(18,140 k8) (5,560 km)

eW/S - 120 lb/ft 2 eAR - 8.0

(6744 N/m 2)

.11

CRUISE ALT, ft 34,000
(m) _(10,363)

SRE_ ft2

(m2)

TOGW, ib
(ks)

BOW, Ib
(kg)

USEFUL LOAD, ib
(ks)

WATER, ib

(ks)

FUEL, lb (ks)
TOTAL

TAXI & T.O. FUEL

CLIMB

CRUISE

DESCENT

RESERVES

BLOCK

ENGINE SCALE
T/W

DISTANCE, n.ml (kin)
CLIMB

DESCENT

TIME

CLIMB, min

DESCENT, min
BLOCK, hr

2,284
(212.2)

274,080
(124,323)

144,250
(65,432)

7,364
(3,340)

945

(429)

88,885
• (40,318)

1,190
(540)

11,800
(5,352)

57,845

(26,238)

450

(204)

17,600

(7,983)

71,285
(32,335)

.652

.285

273

(506)

89

(165)

34.3

13.5

5.93

36,000
(10,973)

2,282
(212.0)

273,840
(124,214)

144,128
(65,376)

7,364

(3,340)

960

(435)

88,752

(40,258)

1,210

(549)

11,620
(5,271)

57,972
(26,296)

450

(204)

17,500
(7,938)

71,252
(32,320)

.662
.290

275
(510)

86

(159)

33.9

13.5
5.96

38,000

......
2,290

, (212.7)

274,800
(124,649)

146,650
(66,520)

7,364
(3,340)

1,025
(465)

87,125
(39,520)

1,290

(585)

11,640
(5,008)

56,925
(25,821)

470

(213)

17,400
(7,893)

69,725
(31,627)

.707

.309

40,000

.... (12!192)

2,312
(214.8)

277,440
(125,847)

150,050

(68,063)

7,364
(3,340)

1,125
(510)

86,265
(39,130)

1,415
(642)

10,390
(4,713)

56,370
(25,569)

52O

(236)

17,570
(7,970)

68,695
(31,160)

.776

.336

252 223

(467) (413)

88 _ 89

(163) i (165)
i

30.9 27.3
13.5 13.5
5.96 5.95

88
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Table 5.5-13 COST ANALYSIS DATA FOR SELECTED AIRPLANES:

OPAYLOAD - 40,000 Ib IRANGE - 3,000 n.mi
(18,140 kS) (5,560 kin)

o.l 
ffi 36 ° qM:/c " .1415

M=.90

eAR -_ 9.0

eW/S = 125.6 ib/ft 2

(6012 N/m2)

CI i

CRUISE ALT, ft
(m)

SREF, ft2
(,,2)

TOGW, ib
(kg)

BOW, ib
(kg)

USEFUL LOAD, ib
(kg)

WATER, ib
(kg)

FUEL, lb (kg)
TOTAL

TAXI & T.0. FUEL

CLIMB

CRUISE

DESCENT

RESERVES

BLOCK

ENGINE SCALE

T/w

DISTANCE n.mi (kln)
CLIMB

DESCENT

TIME

CLIMB, m£n
DESCENT, min

BLOCK, hr

34,000
(10,363)

1,970
(183.0)

247,432
(112,214)

127,400
(57,789)

36,000
(10,973)

1,970
(183.0)

247,432
(112,214)

(11,582) ] (12,192)

1,975 ; 2,045

(183.5) I (190.0)

7,364
(3,340)

793

(360)

79,239

127,935
(58,021)

7,364
(3,340)

812

(368)

(35,943)

1,015
(460)

12,150
(5,511)

50,724
(23,008)

78,687

370
(168)

14,980
(6,795)

64,259

I (29,148)

.547

.265

331
(613)

85

: (157)

43
13

6.43

(35,686)

1,040
(472)

12,100
(5,489)

50,022
(22,690)

395

(179)

248,060
(112,520)

130,000
(58,968)

7,364
(3,340)

256,852
(116,508)

15,130

(6,863)

135,900
(61,644)

7,364
(3,340)

1,022
(464)

883
(40l)

77,177 79,930
(35,007) (36,256)

1,130 1,320
(513) (599)

10,450 9,100
(4,740) (4,128)

50,067 53,310
(22,710) (24,181)

430 500

(195) (227)

15,100 15,700

(6,849) (7,122)

63,557 62,077
(28,829) --(28,158)

.560

.272

321

(595)

89

.609

.295

268
(496)

95

(176)

35
14

6.42

91

(169)

42
13

6.42

64,230
(29,135)

.711

.339

204
(378)

96

(178)

26
15

6.42
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• CRUISE M : °98

• WlS : 120 PSF (5744_Nlm2)
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SECTION 6

ECONOMIC A NAL Y S I S

\o._ r

C

The principal objectives of the economic analysis

activities were (I) to evaluate the individual and collec-

tive benefits of the various technological advances studied

in the program and (2) to relate the economics of aircraft

incorporating desirable technologies to current production

transports and other transports likely to be operational in

the 1980-1985 time period. To accomplish these, a set of

parametric cost equations was developed to generate flyaway

costs. Candidate designs were then exercised against the

route structure and traffic projection (see Section 4) to

develop direct operating costs, indirect operating costs,

and return on investment. Flow of the evaluation process

is shown on Figure 6.0-1.

6.1 INITIAL STUDY COST BASIS

For the purpose of evaluating the many design configu-

rations of potential interest, a preliminary economic analy-

sis procedure was used. This initial procedure considers the

whole airframe as a'unit and uses a single cost-estimating

equation which essentially represents the solid line seen

in Figure 6.1-1. A series of data points representing sub-

sonic aircraft are shown, and commercial subsonic airframe

costs are believed to fall in this region but are adjusted

upward from 1967 dollars due to inflation. A word of caution

is indicated for projecting costs of heavy airframes (above

250,000 Ib) (113,380 kg). Because of increasing design-for-

low weight problems the cost projections will probably curve

upward from the straight-line projection.

Aircraft production costs for a given quantity to be

produced (250 in this study) are predicted by use of a

standard cost-quantity analysis. These projections, as well

as other cost analysis methods, are discussed in Reference

6-1, submitted as a part of this study.

In the study, considerable effort was directed toward

the influence on cost of design choices. These included

area ruling, supercritical wing, active control system, use

of composite material, and others. In the initial cost

analysis, the cost increment associated with each of these

design choices was handled as a unique problem. The results
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showed that, in the case of the area-ruled fuselage and the

supercritical wing, there was a weight increase commensurate

with the expected cost increase so that the effect was taken

care of by the airframe cost prediction formula. In the case

of the active control system, however, it was necessary to

provide a cost increment for the electronics and extra

sensing and control items required. This was based upon

engineering judgment initially, which was later verified

when detailed item-by-item component studies could be made.

A $200,000 average =ost figure was used.

Assessment of the impact of costs due to the applica-

tion of composite material was a much more complicated task.

However, the initial cost adjustment was simplified for

tradeoff study purposes. After review of available cost

data, costs of composite structure were adjusted upward from

the standard prediction by an amount equal to $30.00 per

pound ($66.00 per kg) of actual composite used. This incre-

ment later proved correct for the wing structure but ex-

cessive for the fuselage when using a substantial proportion

of machine lay-up. An overview of graphite composite cost

considerations is shown in Figure 6.1-2. Further analysis

of graphite composite structure costs _is given in Section

6.6.

6.2 PHASE I CONFIGURATION SELECTION

For the hlgh-performance Mach .98 configuration, range

and payload for best return on investment were sought. For

the alternate configuration, a systematic variation of speed

was introduced to examine return on investment as a function

of Mach number. The flow of configuration selection is

depicted in Figure 6.2-1. Each "X" in the various matrices

represents a different airplane. A circled "X" denotes a

configuration combination specifically called out in the

statement of work.

Highest return on investment, calculated for airplanes

flying the route structure described in Section 4, serves

as the evaluation criterion for configuration selection.

Direct operating cost, while serving to differentiate

between airplanes of similar technology, is a less sensitive

measure of economic worth than ROI, since an aircraft of

low DOC, but relatively high unit flyaway cost may have a

lower ROI than a less expensive design having a higher DOC.
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6.2.1 Design Range

Design range was systematically varied from trans-

continental capability to trans-Atlantic capability (3700

n.mi)(6860 km), from U.S. to interior European capability

(4400 n.mi)(8150 km), and finally,i from western U.S. to

European capability (5500 n.mi)(10,180 km). The longer-

range aircraft were of course able to serve progressively

more city-pairs, but the larger size required to achieve

the longer range induced higher operating costs and invest-

ment base for the more numerous routes through trans-

continental capability. Accordingly, return on investment

drops sharply with design range (Figure 6.2-2). If an air-

craft specifically suited to long-range flights were chosen

and its application restricted to those routes (similar to

the use of the DC-8-62)an excellent ROI would result for

the long-range airplane, but the market would be fairly

limited (i.e., not attractive enough to induce near-term

development of a new transport).

6.2.2 Design Payload

Having selected transcontinental design range, it is

now possible to address payload sizing. The significant

assumptions here are market share (assumed to be one-third

at this point) and schedule frequency -- assumed to be 4

flights per day per carrier for the top 56 U.S. city-pairs

from i000 n.mi to 3000 n.mi (1850 to 5560 km) stage length.

As seen on Figure 6.2-3, return on investment is quite flat

in the region from 195 passengers to about 250 passengers.

Both above 250 and below 195, ROI drops fairly sharply on

a fleet-wide basis. Here, the economies of scale are

balanced (the 390-seat airplane has a seat-mile-DOC 15

percent below the 195-seat configuration) against the

ability to handle passenger demand in usable-size packages.

6.2.3 Design Speed -- Alternate Configuration

New technology can emphasize either Performance or a

reduction in the size of an aircraft with given capability

to seek operating cost reductions. Faster aircraft can

generate more seat miles per day but, being larger, will be

most costly. Aircraft were synthesized for speeds of Math

.87, .91, .95, and .98 to systematically explore the effects

of speed, productivity, and cost. The major elements of

cost are defined in Table 6.2-1 along with the cost per

element for each of the four Mach Numbers. Flyaway costs
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increase systematically with speed, and the increase is

steeper at higher speeds. Fleet size reductions counter this

increase in unit costs up to about Mach .93. This is re-

flected in the total investment (includes spares), which is

seen to be very flat between Mach .91 and Mach .95.

All elements of DOC except crew cost increase with

speed; crew costs decrease, reflecting the greater route

miles covered per hour of duty time.

When operating costs and investment requirements are

combined with passenger demand and fares to develop ROI,

ROI increases to a peak near Math .90-.92 and falls rapidly

above Mach .95 (Figure 6.2-4). In the speed regime below

the peak, productivity increases at a greater rate than

direct operating cost. Investment base, measured by flyaway

costs and fleet size, decreases sufficiently in this region

to offset the increasing direct operating cost.

6.2.4 Selected Configuration

The aircraft selected after the mid-term review with

NASA carried a 40,000-1b (18,140 kg) payload for a design

range of 3000 n.mi (5560 km) and at design speeds o_ Mach

.98 and .90.

6.3 _ COST METHODOLOGY

The aerodynamic optimization of both the Mach .90 and

Mach .98 airplanes is discussed in Section 5 of this volume.

In the following discussion, the general methodology used to

support those studies is described.

For each family of airplanes a definition was provided

in terms of weight, thrust, block fuel, block time, and

unique technology features. The aircraft thus defined were

individually costed, and direct operating cost and return on

investment data were then generated. For example, in the

case of the aspect-ratio selection, a family of aircraft

ranging from aspect ratio 5 through 9 was studied to develop

flyaway costs, direct operating costs, and return on invest-

ment as a systematic function of aspect ratio. Figure 6.3-1

illustrates the approach for a typical configuration. Simi-

larly, for initial cruise altitude and wing sweep, aircraft

were evaluated economically. In all cases, the aircraft

selected in the aerodynamic optimization process were those

which yielded highest return on investment. This did not
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always correspond with minimum direct operating cost since

in some cases the impact of flyaway cost on return on

investment is enough to drive the ROI optimum slightly away

from the DOC optimum. This is shown on Figure 6.3-1, where

the minimum-cost airplane is at aspect ratio 6.9 and, be-

cause of better fuel economy, DOC is lowest at aspect ratio

7.65. ROI, being influenced both by flyaway cost and DOC,

is highest at an aspect ratio of 7.5.

6.4 TECHNOLOGY EVALUATION

6.4.1 Degree of Composite Usage

As shown in Table 6.4-1, a family of aircraft having

different degrees of composite application were studied.

The initial baseline is the all-aluminum aircraft with a

flyaway cost of $13.76M and a return on investment of 14.78

percent. Applying composites to the wing and tail results

in both a reduced flyaway cost and an increased return on

investment. Alternatively, applying composites to the

fuselage, nacelle, and tall while retaining an aluminum

wing results in an even greater decrease in flyaway cost
and increase in return on investment. This is the result

of two primary factors. First, the aircraft size is reduced

significantly through application of composites and, second,

in the case of the fuselage, the labor cost of the composites

is somewhat below that for a comparably sized aluminum

fuselage, thus resulting in a cost which decreases faster

per pound of composite applied in the fuselage relevant to

the wing. This happens even though the absolute weight

savings is less per pound of composites used.

In the case of an all-composite airplane, further

reductions in flyaway cost and direct operating cost occur,

with theresult that return on investment is increased

significantly. For aircraft which fly as often as commer-

cial transports, the saving of weight through application

of composites continues to offer a major economic advantage.

6.4.2 Degree ofActlve Control System Usage

A family of aircraft was examined to determine the

specific effects of incorporating variousdegrees of active

control systems. The baseline high-performance aluminum

configuration was sized with adequate tail volume for static

stability. This results in 7 counts of trim drag when

shifts in aerodynamic center and the center of gravity are
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considered. As shown in Figure 6.4-1, the ROI for this con-

figuration is 13.78 percent. With the airplane redesigned

to incorporate a stability augmentation system, drag is

reduced, tail size decreased, and ROI is raised to 14.33

percent (1.040 times baseline). Adding maneuver load and

gust alleviation saves enough structure weight to more than

offset the added cost of this system, and ROI is increased

to 1.087 times the baseline. Incorporating flutter suppres-

sion further raises the ROI to 1.115 times that of the

baseline. This is accomplished by further reductions in

structure weight and re-sizing of the airplane for constant

range and payload.

6.4.3 Noise Reduction

As shown on Figure 6.4-2, incorporating noise reduction

into an aircraft which just meets FAR Part 36 results in

decreased ROI. The first increment (I0 dB) below FAR Part 36

is achieved by going from a 1970 technology engine to a 1979

technology engine (P&W STF-429). This engine is slightly

heavier, slightly more costly, and slightly less efficient

than the less-quiet 1970 technology engine typified by the

CF6 or JT9D engines. These changes in weight, cost, and

fuel efficiency directly reflect into the lower ROI. Simi-

larly,.by going to 15 dB below FAR Part 36 with the 1985

technology engine (P&W STF-433), return on investment is

further eroded. Taking this latter configuration and

increasing aircraft thrust-to-weight in order to achieve

noise reduction by being at a higher altitude over the

takeoff and approach measuring points will achieve a further

reduction. This increased thrust-to-weight ratio causes

the aircraft to grow in size and results in the ROI degrada-

tion shown between the last two bars of Figure 6.4-2.

6.4.4 Aerodynamic Technology Evaluation

To serve as a standard of comparison with the Mach .90

and Mach .98 airplanes, a conventional aircraft of equivalent

range and payload was sized. This conventional aircraft

could be considered typical of DC-10 and B747 technology.

The relative return on investment of the conventional air _

plane, the M .90 airplane, and the M .98 airplane is shown

in Figure 6.4-3. These aircraftare all-aluminum designs

which meet FAR Part 36 minus 10 EPNdB noise levels. This

is done for the purpose of illustrating the isolated effect

of aerodynamic technology. The major conclusion drawn from

this evaluation is that through advanced aerodynamic
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technology it is possible to achieve a dramatic increase in

ROI at a modest increase in speed (Mach .90) or a modest

increase in ROI with a major increase in speed (Mach .98).

6.5 COST OF SELECTED AIRPLANES

Cost analyses for two selected aircraft have been pre-

pared in greater detail than the cost analyses used in the

aircraft design selection process. The analysis procedures

used for the Mach .98 aircraft will be discussed. The same

calculation forms and the same procedures were used on the

analysis of the Mach .90 aircraft. All costs are based

upon 1970 dollars.

The analyses are presented in Tables 6.5-1 through

6.5-6, three pages for each aircraft. The first page shows

a cost breakdown of the aircraft structure and subsystems.

The analysis procedures are explained later. The next page

examines the research and development costs to be expected

for design, development, testing, and technical data. The

third page sums the figures from the other pages and adds

costs for productlon-sustainlng englneering , production-

rate tooling, tooling maintenance, production technical

data, and warranty expense.

The analysis is started by completing the first-unit

cost form. This form contains a listing of the structural

parts and subsystems to be assembled into a whole airplan e .

An estimate of the flrst-unlt cost is obtained for each

structural assembly or subsystem listed. To aid in making

this estimate, the weight of the subsystem is provided and

a plot of available cost data as a function of weight is

used. Data plots and cost estimating relationships for

most of the subsystems have been published in Reference 6-1,

which has been submitted as part of the ATT study contract.

Since the two final aircraft selected both use composite

material designs, the four structural elements (wing, tail,

fuselage, and nacelles) are estimated by other analysis

methods. A cost comparison study was undertaken by the

industrial estimating department at the Fort Worth operation

of General Dynamics. Composite structure cost data for

that study have been used to establish values for the unit

cost analysis of the .98M and .90M airplanes. First-unlt

structure costs entered in the form are based upon these

results adjusted for weight differences.
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Table 6.5-1

ATT . 98 MACH COMPOSITE AC

FIRST UNIT COST ANALYSIS

wing
Tail

Fuselage

Landing Gear

Item Weight

26,300

5,150

28,075

12,545

Flight Controls

Nacelles

Total Structure Wt

Water InjectionSystem

Fuel System

Engine Controls

Starting

Reversers

Total Propulsion Assoc Wt

Hydraulics
Instruments

Electrical

Furnishings

Air Conditioning & And.-Ice

Auxiliary Gear
APU

Total Subsystem Wt
Subtotal Costs

Factory Assembly
.125 x Total

Mission Equip Assembly
• 04 x Avionics

Factory Acceptance

.04 x Total

Engines (P&W-STF-429)

Avionics

Total Cost

4, 210

4,470

80,750

265

I,525
195

140

2,105

4,230

1,960

1,740

" 3,217

23,169

3,990
45

9O8

35,029

14, 959

First Unit

Cost

3.06

1.02

3.53

.98

1.08

• 91

.O8

.37

.05

.04

.46

.48

1.05

.84

I.73

.56

.01

.20

16.45

2.06

• O4

.76

2.51

.91

I

$22.74

Learning

Percentage

.85

.85

.85

.83

.87

.85

.85

.83

.85

.85

•87

.87

.90

.87

.85

.85

.85

.87

.81

.81

1.00

.97

# AC = 250

Cumulative Total $

Factor (Millions

88.8

88.8

88.8

76.8

102.6

88.8

88.8

76.8

88.8

88.8

102.6

102.6

126.9

102.6

88.8

88.8

88.8

102.6 _

66.2

66.2

66.2

250.0

205• 0

$272.

91.

313.

75.

111.

81.

.

28.

4.

4.

48.

49.

133.

86.

154.

50.

1.

21.

136.

3.

50.

628.

187•

$2_533.
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Table 6.5-2

NON-RECUR1KNG -- RDT&E

ATT. 98 Maeh Composite A/C

Precontract Gov't. Funded Studies

Airframe Design

194 (119,000 x 1.3 lb. )" 82 (M = . 98/. 9) 1"
15

3,870,000 hra x $20-.00/hr ,,

Air Vehicle Integration

Airframe Design $77,300,000 x. 35 =

Integration Engr. Hours = 3,870,000 Design Hrs. x. 35

= 1,360,000 Hrs.

= 3,870,000 hrs

Propulsion Development

Avionics Development

Development Shop & Material Support

$20.50 x (3,870,000 Design Hrs. + 1,360,000 Integr. Hrs. ) =

Basic Tooling

(Factor Value 40 x 1.35) x 119,000 lbs. Airframe Wt. ($16.70) =

AGE Development & Procurement for R&D

10% x Flt. Test Recurring Prod. $35,000,000 =

Training Equipment Development & Procurement for R&D

Test Aircraft & Refurbishment (1 1/2 AC equivalent)

Flight Test Operations

93 98 1.32
0.137 (119,000 x 1.3 lbs)" (750 knots)" (3 A/C)

=9170 x650 x4.26=

Technical Data

0.018 x (Design + Integration + AGE + Training +

Test + Recurring R&D A/C) =

Total (excluding Tooling)

Not App.

$ 77,300,000

27,050,000

107,200,000

107,400,000

3,500,000

0

34,100,000

25,400,000

5,150,000

279,700,000
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Table 6.5-3

ATT .98 COMPOSITE AC

Investment

(Millions)

Shop, QC, & Material Cost for 250 AC.

(From First Unit Analysis Sheet)

Sustaining Engineering = InitialEngr. (#AC)"
2

- InitialEngr.

$2533.0M

= 104.35 (3.01) - 104.35 =

Rate Tooling for 6/Mo. = 0.15 (Basic Tooling) =

Tool Maintenance = (Basic + Rate) (Delivery Months) (.009)

= (107.4 + 16.14 (50) (.009) =

Technical Data -- Manuals, Service Engineering

Warranty Expense 3 %

Basic Tooling (From Non-recurring page)

Non-Recurring R&D

197.65

16.14

50.9

43.7

105.0

107.4

279.7

Total Program

Total Cumulative Average Cost Per Aircraft

Total Program

250

$3333.49M

$ 13.33M
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Table 6.5-4

ATT .90 MACH COMPOSITE AC

FIRST UNIT COST ANALYSIS

W_g

Tall

Fuselage

Landing Gear

Item

Flight Controls
Nacelles

Total Structure Wt

Water Injection System

Fuel System

Engine Controls

starting
Reversers

Total Propulsion Assoc Wt

Weight

20,070

- 4,450

24, 870

11,393

3,830

3,410

68, O23

23O

1,325

195

140

1, 780

3.670

Hydraulics

Instruments

Electrical

Furnishings

Air Conditioning & Anti-Ice

Auxiliary Gear
APU

Total Subsystem Wt
Subtotal Costs

1,750

1,740

3,217

23,167

3,990

45

908

Factory Assembly . 125 x Total

Mission Equip Assembly

.04 x Avionics

Factory Acceptance
.04 x Total

Engines (P&W-STF-429)

Avionics

Total Cost

12,263

First Unit

Cost

2.48

.90

3.26

.87

1.03

.69

.O7

.33

.05

.04

.39

.44

1.05

.84

1.73

.56

.01

.20

14.94
i

1.87

.04

.64

2.29

.91

I

$20.69

Learning
Percentage

.85

.85

.75

.83

.87

.75

.85

.83

.85

.85

.87

.87

.90

.87

.85

.85

.85

• 87

.81

.81

.81

i.O0

.97

# AC = 250

Cumulative

Factor

88.8

88.8

88.8

76.8

102.6

88.8

88.8

76.8

88.8

88.8

102.6

102.6

167.4

102.6

88.8

88.8

88.8

102.6

66.2

66.2

66.2

250.0

205.0

Total $

(Millions)

$220.
80.

289.

67.

106.

61.

.

25.

4.

4.

41.

45.

130.

86.

154.

50.

1.

21.

2.

573.

187.

I

$2,319.

fl, )
\
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Table 6.5-5

NON-RECURRING -- RDT&E

ATT .90 Mach Composite AC

Precontract Gov't. Funded Studies

Airframe Design

194 (105,620 x 1.3 lb. )" 82 (M =. 9/. 9) 1"
15

3,220,000 hrs x $20o00/hr -

Air Vehicle Integration

Airframe De.qgn $64,400,000 x. 35 =

Integration Engr. Hours = 3,220,000 Design Hrs. x . 35

• = 1,130,000 hrs.

= 3,220,000 hrs

Propulsion Development

Avionics Development

Development Shop & Material Support

$20.50 x (3,220,000 Design Hrs. + 1,130,000 Integr. Hrs. ) =

Basic Tooling

(Factor Value 40 x 1.35) x 105,600 lbs. Airframe Wt. ($16.70) =

AGE Development & Procurement for R&D

10% x Flt. Test Recurring Prod. $32,000,000 =

Training Equipment Development & Procurement for R&D

Test Aircraft & Refurbishment (1 1/2 1st AC equivalent)

Flight Test Operations

0.137 (105,600 x 1.3 lbs. )" 93 (680 knots)" 98 (3 A/C) 1"
32

=8230x600x4.26=

Technical Data

0. 018 x (Design + Integration + AGE + Training +-

Test + Recurring R_D A/C) =

Total (excluding Tooling)

Not App.

$ 64,400,000

22,500,000

89,000,000

95,300,000

3,200,000

0

31,100,000

21,100,000

4,160,000

235,460,000

C
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Table 6.5-6

ATT . 90 COMPOSITE AC

Investment

(Millions)

Shop, QC & Material Cost for 250 AC

(From First Unit Analysis Sheet)

Sustaining Engineering = InitialEngr (#AC)"

= 86.9 (3.01)- 86.9=

2
- InitialEngr.

Rate Tooling for 6/Mo. = 0.15 (Basic Tooling) =

Tool Maintenance = (Basic + Rate) (Delivery Months) (.009)

= (95.3 + 14.3) (50) (.009) =

Technical Data -- Manuals, Service Engineering =

(Shop + Sustaining Engr. ) x .016 =

Warranty Expense 3 % of total

Basic Tooling (From Non-recurring page)

Non-recurring R&D

$2319. OM

174.1

14.3

49.4

40.0

94.5

95.3

235.5

Total Program

Total Cumulative Average Cost Per Aircraft

Total Program

250

$3022.1M

$ 12.09M
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When this predesign method of estimating is used, it is

desirable to investigate design features of the structure

assemblies or subsystems that will have unusual cost

impact. In most cases the analyst will want to adjust

chart values to account for unusual features.

The ATT flight control system does have unusual attri-

butes, therefore requiring a more detailed look at design

features to determine cost deltas to add to chart values

since the charts reflect conventional designs. The ATT

designs considered are unique in two respects. First, con-

ventional aircraft are designed to be stable in the pitch

mode at cruise speeds without a control system input, where-

as ATT uses stability augmentation. Second, there are the

additional active control system features on ATT. Figure

6.5-1 shows cost deltas over and above costs associated

with weight deltas for these unique ATT control system

features. The figure shows $i00,000 as the first cost delta

in going from the conventional flight control system to the

augmented stability system. This cost delta was arrived at

by study of the following electronic design differences.

Design delta reverting to a conventional balance

basic mechanical flight control system:

i. - Delete quad rudder pedal position sensors.

• Replace quad control column and control wheel

position sensors with dual sensors.

3. Delete one Air Data Computer.

o Delete one digital flight control computer.

Two remaining computers can be of reduced

computing capacity.

• Replace quad 2-axis accelerometer package with

dual.

6. Replace quad 3-axis gyro package with dual•

7. Delete quad engine control servo units.

. Add control cables from control columns and

rudder pedals to surface actuators.

9. Add dual yaw damper servo.
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I0. Add dual roll and yaw parallel autopilot servos.

II. Add controller from throttles to engines.

12. Add artificial feel package (Q-Pots).

The cost delta in going from the augmented stability

design to the augmented stability plus ACS was found to be

$135,000, based upon study of the electrical design diff-

erences. The trade-off cost delta used was a cumulative

average of $200,000, but it was found that $70,000 of this

was attributable to increased complexity in the wing by

reason of the extra control surfaces required which are

part of the wing structure.

Design delta reverting to the augmented stability

system from the ACS plus augmented stability system:

. Delete flutter suppression surface and dual

actuators (both sides).

• Delete outboard trailing edge surface and

dual actuators (both sides). These become

a plain flap.

3. Delete flu6ter sensors

a. 4 gyros per side (8 total).

b. 4 accelerometers per side (8 total).

4. Reduce flight control computer computation

requirements.

The remainder of the subsystem first-unit costs have

been discussed in Reference 6-1. Engine costs have been

derived from parametric data supplied by Pratt &Whitney

for the ATT study• These are the quiet (P&W STF-429)-type

engines designed to meet FAR Part 36minus I0 EPNdB require-

ments.

Avionics system costs are based upon a review of the

avionics equipment list plus an allowance for interconnecting

cabling, equipment mounting, antennae installations, etc.

This allowance is proportionally greater where the system

considers parallel circuit redundancy for reliability

improvement.
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The avionics complement includes a dual set of

communications and beacon equipment, a dual set of naviga-

tion equipment for U.S. operations, a tripleset of inertial

navigation equipment for international operations plus

weather radar, and a complete flight data recording system.

The cost of these avionics items plus cabling and installa-

tion is estimated to average $748,000 for 250 shipsets, with

a first unit cost of $910,000.

The column of values on the right side of the first

unit analysis form shows costs for the 250 production units

considered for the study. Cost-quantity improvement-curve

values are shown in the column under "learning." Cost-

quantity values have been selected for each subsystem. As

a general rule the larger the percentage of purchased parts

in the subsystem the higher the cost-quantity percentage,

which results in less cost reduction with quantity.

The next analysis sheet, entitled "Non-Recurring--RDT&E,"

predicts costs for a number of development categories. The

initial engineering equation, the engineering integration,

and the basic tooling equation have each been discussed in

the referenced report. The initial engineering equation,

when used to obtain a composite aircraft design estimate,

requires an adjustment to the weight input. The present

thinking is that the composite aircraft design task will be

the sane as for an equivalent aluminum aircraft. This

assumes that suitable prototype design experience will have

been achieved by the time an ATT program is undertaken. To

obtain equivalent weight, a 1.3 factor is used under the

0.82 exponent.

O

The manufacturing development shop and material support

to engineering cost is estimated by multiplying design and

integration hours by $17.50 for aluminum aircraft or $20.50

for composite designs. The test aircraft and refurbishment

cost estimate is based upon standard conlnercial flight test

program practice,which ends up with one aircraft unsaleable
and refurbishment costs such as test instrumentation removal

and repair for delivery equal to the cost of one-half an

aircraft. Flight test operations cost is estimated by use

of an equation developed by Rand Corporation and is in

agreement with Convair commercial experience.

The "Investment" cost summary page brings together program

costs computed on the other pages and introduces additional

ones associated with production and delivery. Equations

for these costs are shown with the calculations.
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The effect of quantity of aircraft purchased upon the

cost per aircraft is illustrated in Figure 6.5-2. This

figure shows two major effects which contribute to the

lowering of per aircraft cost as a function of quantity

delivered. One effect is the production cost-quantity cost

reduction shown by the triangular segment in the center of

the figure. The second effect is the proration of the

development and tooling cost shown by the curved triangular

segment at the top of the figure. The shaded area in the

upper left corner indicates tooling and production support

costs which would not be incurred if it were known in

advance that only a few aircraft would be produced. In

the figure the topmost line, as perhaps modified by the shaded

area, indicates the declining cost per aircraft as delivery

quantity increases.

One aspect of cost not mentioned is concerned with

the capital facilities and equipment required for exten-

sive composite manufacture. A listing of capital equipment

and facilities improvements has been prepared and is pre-

sented in Table 6.5-7. This list represents about the level

of capital equipment and facilities needed by a manufacturer

to undertake the manufacture of 250 £ransport aircraft

designed from composite materials. Most of the capital is

required for tape-layingmachinery, which would be of new

design. In general, the tape-laying equipment is expected

to be considerably larger than any currently existing.

The $15.25M outlay indicated in the table would repre-

sent an initial increase in overhead burden of between i

and 2 percent on an ATT size program. This outlay would

represent an overhead burden increase over the aluminum

fabrication case only in facilities where the aluminum

fabricating machinery already existed in adequate quantity

to support an ATT program. Despite the initial small

increase in burden rate due to composite manufacturing

start-up, the relative machine cost burden for a shop

emphasizing graphite composite manufacture is expected to

decrease in time compared to an aluminum fabricating shop.

This is se since , if one started with no equipment and

bought either composite application equipment or aluminum

fabricating equipment for a plant meeting fixed aircraft

production requirements, the composite equipment investment

would be less.
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Table 6.5-7

i."

C/

GRAPHITE COMPOSITE MANUFACTURING FACILITIES LISTING

AB

Bo

Ce

De

EQ

_uantity Cost

Fuselage

i. Tape Laying Machine,

24"(7.3 m) Gantry 6

2. Tape Laying Machine,

Gantry, 3'x130' (0.91mx39.6_ 2

3. Tape Laying Machine,

Gantry, 8'x30' (2.44mx9.13m) 2

4. Tube Wrapping Machine 4

5. HOBE Saw, Band, 36" (0.91m)

with Collection System 2

6. Core Sander, 36" (0.91m) 2

7. Forming Roll, i0 Stage 3

8. Vacuum Curing System

Wing

i.

2.

3.

5.

Tape Laying Machine, Moving

Column, 18' (5.49m) Wide 12

Tape Laying Machine,

8' (2.44m) Gantry 3

Tape Laying Machine,

Gantry, 8' x 30'(2.44m x 9.13m) 2

Vacuum Curing System

Curing Oven, 250°F _ 15,

(394.1°K+8.3 ° ) 6'x25'x100' 3

(l.83mx_62mx30.48m)

Inspection

i. Strip Slicing Machine i

2. Infrared Scanning System 2

3. In Motion Radiography Sys. 4

4. Ultrasonic System, i0 Chan. 4

5. Other Inspection Equipment -

General

I. Plaster Mixer

2. Support Equipment &

Installations

2

Utilities

I. Steam lines, Filtered Air,

etc.

Total
125

$ 2,570,700

465,400

587,300

146,470

36,500

118,100

89,950

42,000

5,140,200

778,250

587,300

42,000

697,825

12,000

75,850

461,500

778,900

200,000

44,300

1,275,000

I, I00 _000

$!5,249,545



6.6 SENSITIVITY ANALYSIS

The selected high-performance and alternate configura-

tions were analyzed to determine economic sensitivity to

technical and cost changes. The systematic variations made

to the selected baseline designs are summarized in Table

6.6-1. Where technical changes occur, the resulting air-

craft are resized to retain equal range and payload. For

example, an increase indrag will induce a larger engine

size, increased fuel load, and concomitant changes in

supporting systems. These in turn affect flyaway costs as

aircraft definition changes. Fuel requirements, weights,

and hardware costs influence direct operating costs and,

similarly, return on investment is driven by investment and

operating costs.

The sensitivities are essentially linear within the

credible ranges -- as illustrated by relative impact of the

changes shown in Figure 6.6-1. The amount of variation

shown represents a "reasonably credible" variation in the

independent parameters. Each analyst can by linear inter-

polation or extrapolation establish sensitivity of ROI to

his own credible variation as long as it is reasonably close

to the ranges examined.

No attempt was made to re-optimlze wing geometry for

the range of variations examined.

For the Math .90 configuration, ROI can be changed one

point (18.73 percent to 17.73 percent) by 4300 pounds (1950

kg) of structural weight, 14 counts of drag (L/D average

14.22 to 13.45), 7 percent in airframe cost, or 20 percent

in engine cost. Results are fairly similar on the Mach .98

configuration, except that it is slightly more sensitive to

aerodynamic efficiency. Doubling the basic cost of com-

posite raw material from $30 per pound ($66 per kg) to $60

per pound ($132 per kg) would increase airframe cost i0

percent.

Propulsive efficiency changes also have an effect on

system economics. A 10-percent change in specific fuel

consumption gives a 3.4-percent change in ROI. However,

SFC has fairly narrow limits and, as such, should not

greatly influence total performance uncertainty.
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Table 6.6-1 Sensitivity Summary

• 90 CONFIGURATION

BASELINE (COMPOSITE & ACS)

+,5000 Pounds STRUCTURE
(+2270 kg)

+10,000 Pounds STRUCTURE
(+4540 kg)

-.002 C D

+.002 C D

+ 10% AIRFRAME COST

- 10°/o AIRFRAME COST

+ 10% ENGINE COST

- 10°/o ENGINE COST

FLYAWAY

($M)

11.518

11.979

12.450

11.228

11.872

12.339

10.698

11.750

11.287

D .O.C.

$/N .MI. ($/1cm)

2.299 (1.241)

2.364 (1.276)

2.432 (I .312)

2.205 (1.190)

2.404 (I .297)

2.357 (I .272)

2.241 (I .209)

2.332 (1.258)

2.266 (1.223)

R.O.I.

_)

18.73

17.56

16.44

20.01

17.33

17.32

20.32

18.12

19.36

• 98 CONFIGURATION

BASELINE (COMPOSITE & ACS)

+5000 Pounds STRUCTURE
0-2270 kg)

+10,000 Pounds STRUCTURE
(+4540 kg)

-.002 C D

+.002 C D

12.677

13. 158

13.651

12.172

13.201

2.376 (1.282)

2.443 (1.318)

2.510 (1.354)

2.253 (1.216)

2.501 (I .350)

17.22

16.14

15.12

18.93

15.60
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After system sensitivity to the major parameters is

reviewed and a judgment as to the uncertainty in each

parameter is made, it is possible to assess the relative

contribution to program uncertainty of each parameter.

Those parameters which combine a high degree of sensitivity

and uncertainty are natural targets for technology programs

that should be able to reduce significantly the uncertainty

in system ROI.

A case can thus be built for a full-scale demonstrator

to improve prediction of aerodynamic efficiency and to

better estimate the structural costs and weights of a

large-scale composite structure. If technical uncertainty

(or risk) is to be reduced to the point where a firm con-

tract between a manufacturer and an airline is possible, a

vigorous technology program must be pursued.

6.7 COMPETITIVE AIRPLANE ANALYSIS

The selected advanced designs have been compared against

existing aircraft and those currently on order. A comparison

on the basis of seat-mile direct operating cost is shown in

Figure 6.7-1. Three technology families are apparent --

supersonic (Anglo-French Concorde), conventional first-

generation turbofans, and second-generation wide-body turbo-

fans.

Computed DOC for the Concorde is based on a flyaway

cost of $30M. It is clearly shown to be suitable only for

premium fare markets. The Soviet IL-62 M200 has a competitive

edge against the Boeing 707 only because of a quoted cost of

$7M. This is believed to be unrealistically low (should be

about $10M). Based on the data of Reference 6-2, the

structural and aerodynamic efficiency of the IL-62M200 are
somewhat less than the Boeing 707. Accordingly, at a

realistic price its DOC should be higher.

Within the wide-bodied, second-generation turbofan

class the most striking difference is that of range -- the

shorter-range aircraft (A-300B and DC-10-10) are signifi-

cantly cheaper to operate at their design range than the

B747 or DC-10-30. For this analysis the DC-10-10 and

L-1011-1 are considered to be interchangeable. As between

the DC-10-10 and DC-10-30, this is almost entirely a range

difference, as the passenger cabin volumes are equal. At

transcontinental ranges the Mach .98 ATT is directly com-

petitive with the wide-bodied transports, and the Mach .90
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ATT is superior. The relatively steep slope of the DOC-

versus-distance curve for the ATT's reflect increased speed.

On shorter routes, the faster airplanes cannot utilize their

speed advantage.

Seating for this comparison is based on wide-body

improved-comfort standards (relative to B707 and DC-8).

This amounts to 350 seats in a B7_7, 270 in a DC-10, and 195

in ATT. With its shorter design range and eloser seat pitch,

the twin-engined A-300Bairbus, is very economical. Perhaps

the greatest lesson here is that the economics of scale can

easily be lost even on a seat-mile basis if an extreme-

range configuration is desired. This also points out the

economics possible within a technology family by tailoring

range and payload, as in the case of the DC-8-60 family or

the DC-10 family. The effects of range and size scaling

are discussed in detail in Reference 6-3.

DOC is an abstract measure of an airplane's economic

efficiency. To reduce the analysis to more concrete terms,

return on investment data were computed for the route struc-

ture described in Section 4. Plotting return on investment

for individual city pairs as a function of intercity distance

results in an envelope curve which defines the upper and

lower ROl's at each distance (Figure 6.7-2). For 1970

traffic, this was done for a B737, B727, and DC-10. Because

it is possible to achieve a better load factor with the

smaller aircraft, its R01 is consistently best on average

out to its range limit. The larger aircraft has a much

wider range of values, better on the highest traffic routes

and worse on the poorer routes. For the city pairs con-

sidered, and these are all relative high-traffic city pairs,

the best mix is to use DC-10's at the longer ranges and

high-density routes and to assign B737's or B727's as

appropriate to the less dense routes.

Note that this does not prevent losses in the short-

range market. With the fare structure used ($7.00 + $0.056/

st.mi)($7.00 + $0.0348/km), there isnoway to make a profit

at realistic load factors on short flights. Matching air-

craft to the traffic will, however, serve to strongly limit

losses. For the markets considered, there were n__qocity

pairs on which four-engined aircraft were best.

Progressing to 1985 traffic, the picture changes

significantly, as shown on Figure 6.7-3. Traffic has now

built up to a point (3 times 1970) where the B737 has a
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very narrow spread. This is because, for all city pairs,

there is now adequate traffic to develop good load factors.

Similarly, there are no city pairs beyond 400 n.mi (741 km)

where the DC-10 loses money.

At this time period, almost any advanced configuration

studied under the current contract can be considered avail-

able. The most economical aircraft considered (the Mach

.90 composite transport with active control system) is

found to be equal to the DC-10-10 in the densest markets

and significantly superior to it for the longer-range,

less-dense markets. The B737 remains as an economical air-

plane for medium-range, low-density routes and for short

routes. There is no incentive to apply ATT (as sized) to

routes under 300 n.mi (556 kln).

For 1985, on the high-traffic city pairs examined, the

B727 has dropped out as a viable competitor. The major

markets are thus expected to be served by wide-bodied tri-

jets (particularly where their size acts to help relieve

traffic congestion), a 195-passenger ATT, and a small,

short-range twin jet for medlum-density routes below about

500 n.mi (927 km) where congestion is not a major problem.

With this assignment logic, the U.S. domestic market

for 1985 is estimated to require 600 advanced technology

transports of 195 seats and transcontinental range.

Daily system costs for a fleet of airplanes serving

the top 128 U.S. domestic city pairs are shown in Table

6.7-1. The traffic served is 48.5 billion passenger miles

per year. In 1985, this market share for the hypothetical

airline is roughly 15 percent of estimated total domestic

traffic. (In terms of today's traffic, the 267 high-

performance or 280 alternate-speed airplanes could serve

45 percent of total domestic needs at a load factor of 55

percent. This is done simply as an illustration, since

packaging this many people into aircraft this large at

today's traffic levels is clearly unrealistic.)

As shown in Table 6.7-1, system-wide indirect costs

are about 95 percent of direct costs. This is for a system

average passenger trip length of 950 statute miles. Rela-

tlve to current experience, the advanced transports save

more in direct operating cost items such as fuel and mainte-

nance, the technically related items, than in the indirect

functions which are passenger related. Accordingly, the
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Table 6.7-1

SYSTEM DAILY OPERATING COST SUMMARY

Mach .98 Final

Operation (267 Aircraft>

Aircraft $517,000

Servicing

Passenger 548,000

Service

Reservations 994,000

and Sales

Stewardess 255,000

Cost

Food 256,000

General 236,000

and Admin..

IOC 2,806,000

DOC 3,005,000

TOC 5,811,000

Income 8,429,000

Gross Profit 2,618,000

ROI 17.22%

Mach .90 Final

(289 Aircraft)

$465,000

548,000

994,OOO

269,000

270,000

230,000

2,776,000

2,899,000

5,676,000

8,429,000

2,853,000

18.73%

Remarks

f(Gross Weight)

Same pass.

Same pass.

f(Block Time)

f(Block Time)

m

'ki_

135



ratio of indirect cost to direct cost is higher for a high-

technology transport.

A comparison of the Mach .98 and .90 designs shows a

significant difference only in the aircraft servicing

account. In spite of the difference in fleet size, each

fleet makes the same number of aircraft departures per day,

and since aircraft servicing is computed as a function of

gross weight, there is-a benefit to the smaller, Mach .90

airplane.

!i +-_
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SECTION 7

STRUCTURAL SYSTEM

DESCRIPTION AND ANALYSIS

7.1 GENERAL

The most significant structural feature in the selected

configuration is the maximum use of advanced filamentary

graphite composites in the fuselage, nacelles, and lifting

surfaces. Such wide-spread use of composites is justified

by the results of the Economics Analysis (Section 6). A

detailed study of light alloy vs composites for use in this

airframe application was made to evaluate weight and cost

ratios. The pertinent aspects of this study are the pri-

mary content of Section 15. A summary of the most impor-

tant material selections and applications used in the

selected aircraft configurations is presented in Table

7.1-1. The maximum application of composites projected a

weight savings of 25 percent on the wing and horizontal

tail, 20 percent on the fuselage and vertical tail struc-

ture, and i0 percent on nacelle structure, where the re-

spective components are the same size. Absolute maximum

weight savings were traded in favor of design simplicity

and producibility where such a choice was possible and

cost effective.

Although the advantages of composite strength/stiff-

ness characteristics are generally well established and

understood, the projected all-out use of composites in an

airframe application usually elicits comments and questions

about their acceptability as regards fatigue, fracture,

and various environmental factors. Section 15, Materials

Selection Analysis, contains discussions pertinent to

these items.

Sufficient research and prototype_experience have

been accumulated to justify the decision to commit primary

composite structural applications to the F-14 and F-15 tail

surfaces. Stiffness (flutter)-critical horizontal tails

are being flight tested on an F-Ill for service-life exper-

ience, and numerous full and fractional scaled laboratory

test specimens of wings and fuselages have been or are

being constructed and evaluated. Therefore, composite

materials are destined to be used in complete airframe
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TABLE 7.1-1 SUMMARY OF MATERIAL SELECTIONS AND APPLICATIONS

Component

Structural Box

covering

spars

ribs

fuel blkhds

Flaps &.,,Ailerons

covering

spars
and ribs

I Vane-----is
covering

spar

_r
s

L. E. Slats
basic surface

slat nose

ribs

Type Of
Construction

sandwich

sandwich

stiffened

sheet

sandwich

sandwich

stiffened

sheet

sandwich

sheet

full depth
sandwich

sheet

wrap-around
sandwich

machined

Materials & Application ,

graphite-compsite facings with

aluminum honeycomb core

graphite-composite channel facings

with aluminum honeycomb core

graphite-composite sheet with

fiberglass-composite stiffeners

graphite-composite facings with

aluminum honeycomb core

graphite-composite facings with

aluminum honeycomb core

graphite-composite sheet with

fiberglass-composlte stiffeners

graphlte-composlte facings with

fiberglass or multl-flex honeycomb

core

graphite-composlte hat-sectlon

graphlte-composlte facings with

full depth aluminum honeycomb core

membrane of flberglass reinforced

spsnwlse with graphlte-composite
laminates

graphlte-composlte outerfacing,

fiberglass inner facing with fiber-

glass or multl-flex honeycomb core

aluminum forging 7075-T73
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TABLE 7.1-1 (Continued)

Component

(Continued)

Fixed Secondary
Structure

fixed leading

edge, tip &

fairings

under struct.

Misc. Fittings

flap tracks

support fitting!

and hinges

external shell

frames

window doublers

cabin floor

beams

pane is

cargo floor

Type Of

Construction

sandwich

scif£ened

sheet

machined

machined

sandwich

formed sheet

sheet

formed

sheet

sandwich

sandwich

139

Materlals & Appllcatlon

graphite-compsite facings with

aluminum honeycomb core

graphite-composite lamlnated sheet

with fiberglass stiffening

D6ac forged steel

machined forgings - aluminum,

7075-T73 or X7050-T73 - steel,

D6ac depending on stress level

graphite-composite laminated facing
with fiberglass honeycomb core

fiberglass hat sections with graph-

hlte reinforcing plies added to cap

graphite-composite laminated sheet

graphite-cmaposlte formed channels

with fiberglass stiffeners

graphi_e-composlte facings with

either aluminum honeycomb core or

edge-grai_ balsa wood core

graphite-composlte facings with

aluminum honeycomb core

_----



TABLE 7.1-1 (Continued) ,_
i

Component
Horizontal Tail

Secondary Struct.

(L.E.,T.E. & Tip)

covering

I Type Of

iConstruct,ion

I

sandwich

sub-structure

Support and
Actuation

fittings

i stiffened

sheet

machined

Vertical Tall

Structural Box

covering

spars

ribs

Rudder

covering

spar

secondary Struct.
L.E. and Tip

covering

sandwich

sandwich

stiffened

sheet

sandwich

stiffened

sheet

sandwich

Materials & Appllcations

graphite-composite facings with

aluminum honeycomb core

graphite-composite laminated

sheet with fiberglass stiffeners

7075-T73 or X7050-T73 aluminum

forglngs

graphite-composite facings with

aluminum honeycomb core

graphlte-composlte channel facing

with aluminum honeycomb core

graphite-composite laminated sheet

with fiberglass stiffeners

graphite-composite facings with

aluminum honeycomb core

graphlte-composite laminated

sheet with fiberglass stiffeners

graphite-composlte-faclngs with
aluminum core

L
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TABLE 7.I-i (Continued)

Component

Fuselage (Continued)

Internal Pres-

sure bulkheads

pressure seal

webs

Lsndlng gear wheel
well shear webs

aft pressure
b Ikhd.

door structure

(cabin a cargo)

covering

framing

fuse 1age frames

(wing to fuselage

attachment)

Horiz___.._ontaI Tall

Structura I Box

covering

spars

ribs

Type Of
Construction

Sandwich with

stiffeners

sandwich with

stiffeners

sandwich with

stiffeners

stiffened

sheet

sheet

formed sheet

machined

Materials & Application

graphlte-composlte facings with

aluminum honeycomb core and fiber-

glass/graphlte composite formed

hat section stiffeners

graphite-composite facings with

aluminum honeycomb core and

flberglass/graphlte-composlte

formed hat section stiffeners

graphlte-composlte facings with

aluminum honeycomb core and

graphlte-composite hat sections

stiffeners

graphite-composlte web with grap-

hite-composite stiffeners

graphite-composite laminate

7475-T761 aluminum built-up fram-

ing

D6ac steel forgings-built-up

sandwich graphite-composite facings with

alumlnu_honeycomb core

sandwich graphlte-composlte facings with

aluminum honeycomb core

stiffened graphlte-composlte laminated sheet

sheet with fiberglass stiffeners.
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TABLE 7.1-i (Continued)

Component
Vertical Tall

sub-struct.

Support and
Actuation

fittings

Nacelle & Pylon

Nose Cowl

translating cow]

& radial frames

flxmd cowl &

inlet

covering

frames &

longerons

accoustical

treatment

cowl inner

wall

splitters &

support vanes

Fan Cowl

panels

framing

Type Of
Construction

stiffened

sheet

machined

sheet

sheet

formed and

machined

sandwich and

sheet

sandwich and

sheet

sheet

sheet

Materials & Applications

graphite-composlte laminated sheet

with fiberglass stiffeners

7075-T73 or X7050-T73 aluminum

forgings

graphite-composite laminated inner
and outer skin and formed radial

frames

graphite-composite laminate inner

and outer skins

7075-T76 aluminum and graphite-

composite laminated formed sheet

aluminum honeycomb core with per-
forated aluminum cover skin

aluminum honeycomb core with per-
forated aluminum cover skin

graphite-composite sheet

"7475-T761 aluminum
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TABLE. 7.1-1 (Continued)

Component

Nacelle & Pylon

Fan Duct Cowl

inner panels

outer panels

outer framing

and support
structure

Landing Gear

basic elements

wheels

Landing Gear Doors

Type Of

Construction

sandwich

sandwich

formed sheet

machined

machined

sandwich

143

Materials & Applications

perforated titanium inner skin

titanium honeycomb core and solid

titanium outer skin - all welded

graphite-composite facings with
aluminum core

7475-T761 aluminum

300M alloy steel forging

aluminum alloy forging

graphite-composite facings with

aluminum honeycomb core and wet

layup fiberglass edge members



applications; it simply remains for the detailed research

to be completed (as described in Volume II) in order that

adequate answers be provided to outstanding questions.

The composite airframe components that make up the

selected configurations are described in the following
subsections.

O

7.2 WING

Wing structure consists of a continuous structural

box from tip to tip, leading-edge and trailing-edge mova-

ble control surfaces, and fixed wing secondary structure.

Wing structural arrangements for the M .98 and M .90

configurations are shown in Figures 7.2-1 and -2, respec-

tively.

7.2.1 Effect of Advanced

Aerodynamic Technology

The outstanding feature of the wing structure for both

the M .98 and M .90 configuration is the significantly ex-

panded root chord provided by the supercritical wing. De-

parture from conventional stralght-line elements in the

spanwise direction influences the selection of wing struc-

tural materials and manufacturing methods. In the con-

sideration of aluminum plank skins, the double curvature

of the wing contour requires expensive forming processes

to shape the skin planks. Even considering aluminum sand-

wich panels, expensive stretch form tools must be created

to shape the aluminum facings. On the other hand, com-

posite skin facings, which are laid up in the uncured con-

dition, are pliable enough to drape to shape, and the only

tooling required is an inexpensive plaster or composite

mold. This feature significantly reduces the cost of fabri-

cation of the wing primary structure.

Beside the material selection impact, the expanded

root section significantly reduces the internal loads be-

cause of the greater wing thickness. This results in a

stiffer, lighter-weight structure and reduced skin-thickness

requirements, thus making sandwich skins more attractive
and efficient.
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7.2.2 Primary Structure

The primary structural box consists of upper and lower

sandwich skins, two sandwich spars, and ribs placed at

appropriate spanwise positions. Wing skins are of honey-

comb sandwich construction with graphite composite facings

and aluminum honeycomb core. Skins are manufactured in

one piece, tip to tip and front spar to rear spar. The

outer facing is of constant thickness with a minimum num-

ber of buildups so that the honeycomb core can be of con-

stant thickness. The majority of the buildups and skin-

thickness variations are incorporated in the inner facing

away from the core. The result is a one-piece continuous

skin with no splices. Both skins are mechanically attached

to the spars. Manufacturing and cost considerations lead

to the conclusion that a sandwich skin is better than the

sheet-stringer approach, although the shifting of the

effective bending material away from the extreme edge re-

sults in additional weight. In addition, fabrication

cost considerations lead to a desire for a constant-thickness

core and constant-thickness external facing in the sandwich.

This feature is desirable even though the use of a variable-

thickness outer skin is more efficient. The assembly diffi-

culties of the ribs and fuel bulkheads mating with the

spanwise stiffeners also suggest the sandwich skin approach.

Continuous wing skin, in addition to manufacturing

and cost advantages, also offers structural endurance and

possible failure safety in the wing fuselage intersection

design. The continuous skin provides the load path for

the bending moment, so that only the vertical and hori-

zontal shear and torsional moment require a fuselage re-

action.

Two spars form the front and rear boundaries of the

wing box. The front spar is located at the 15% theoretical

root chord and 28% tip chord, while the rear spar is at the

60% chord line outboard of the expanded root and forward

of the main landing gear bay inboard.-The spars are made

in three sections. Left and right segments extend from

the wing-fuselage intersection to the wing tip. The front

spar is straight, while the rear spar has a large radius

bend beginning near the engine centerline. Spars are made

of two graphite-composite channels back to back with alumi-

nomhoneycomb core between them. The core is constant

thickness, and all thickness variations are away from the
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core. Access doors for wing assembly, maintenance, and
inspection purposes are located in the front spar.

Ribs are located at approximately 30-in_ (76 cm) intervals

and normal to the 60% chord line except in the areas of the

internal flap-actuation mechanism, where they are streamwise.

Ribs are graphite-composite sheet with fiberglass composite

stiffeners. They are mechanically fastened on the bottom

to fiberglass tees bonded to the lower skin and spars and

on the top through the upper surface skins.

The fuel pressure bulkheads are sandwich panels with

graphite-composite face skins and aluminum honeycomb core.

The fuel bulkheads are mechanically attached to fiberglass

angles that are bolt-bonded to the spars and skins.

Structural design criteria for transport airframes are

currently being evaluated with respect to the capabilities

and requirements of advanced composite materials. The

design approach expected to be postulated will replace fail-

safe requirements as defined for conventional materials with

reliability goals for pristine and flawed materials and

structures. The design of the ATT wing will reflect the

structural design criteria established .for advanced composite

materials; however, those criteria are not availableat this

time, and the damage-tolerant features of the wing design

are discussed without references to specific requirements.

Low-modulus crack-arrestment strips will be incorporated

in the composite wing skins (reference Subsection 15.2.2) to

perform much the same crack-stopping function as do stringers

in llght-alloy t_o-spar transport wings. Also low-modulus

laminates will be used where mechanical fasteners are

employed so as to provide the necessary toughness or duc-

tility needed around fasteners to provide long service life

and prevent crack nucleation. The leading-edge D section

also has significant shear capability, which will come into

play in the event of any front-spar web failure. Finally,

the employment of sandwich skins and spars affords redundant

load-path capability, since load paths exist throughelther

skin panel facing. Detailed design, analysis, and develop-

ment testing is required to demonstrate specific damage-

tolerant capabilities. These are beyond the scope of this

study. However, it is believed that the design concepts

enumerated in combination with the observed excellent fatigue

characteristics of composites provide good opportunities for

effective and reliable design.
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7.2.3 Wing Control-Surface Structure

Control surfaces consist of trailing-edge flaps, vanes,

ailerons, and spoilers, and leading-edge variable-cambered

slats.

The flaps and aileron segments are sandwich skin con-

struction with graphite-composite facings and aluminum

honeycomb core. The single front spar and chordwise ribs

are graphite-composite sheet with fiberglass shear ties to

the sandwich skins. A fiberglass closure channel forms

the blunt trailing edge typical of the supercritical air-

foil.

Vane skins are of sandwich construction with graphite-

composite face skins and fiberglass or multi-flex honeycomb

core. A graphite-composite hat section channel forms the

understructure of the vane. The feet of the channel are

bonded to the lower skin and the top is bonded to the upper

skin. The trailing edge is constructed of fiberglass and

is mechanically attached to the other portion of the vane.

All end closure members are graphite-composite sheet stif-

fened as required with fiberglass.

Spoiler segments are of full-depth bonded honeycomb

sandwich. Sandwich facings are graphite-composite lami-

nates, and the core and support fittings are aluminum. The

same type of construction is true for the air-deflection

doors.

Flap tracks and highly stressed fittings are steel or

titanium. Aileron support fittings, spoiler hinges, actuator

attach fittings, and others which are less highly stressed

are aluminum. .

Leading-edge "varicam" slats consist of a membrane

sheet member forming the undersurface of the wing in the

stowed position, a stiff nose piece, and a linkage that

actuates the slat and also deforms it t_ the required shape.

The membrane sheet is fabricated of fiberglass reinforced

in the spanwise direction with graphite-composite laminates.

The slat nose is made of wrap-around sandwich construction,

with an inner skin of fiberglass, a fiberglass or multi-flex

honeycomb core, and an outer skin of graphite composite. A

metal piano hinge fitting attaching the nose segment to the

sheet skin is bonded with the sandwich structure as an

integral part of the nose. The mechanical linkage and the

151



supporting ribs located in the fixed leadlng edge are
machined aluminum forgings.

7.2.4 Fixed Secondary Structure

The fixed leading edges, tip, and fairing structure is
generally graphite-composite laminate or sandwich structure
of graphite-composite facings and aluminum honeycomb core.
Under structure is graphite-composite laminated sheet with
fiberglass stiffening. The components are permanently
assembled by bonding and riveting but are installed on the
wing with mechanical fasteners so they may be removed and
replaced if damaged.

7.3 FUSELAGE

The fuselage structure consists of three principal

components. These are (i) the nose structure containing the

flight deck and electronics bay, (2) the main cabin area

consisting of the passenger compartment, cargo compartment,

and wheel wells, and (3) the tail structure consisting of

the empennage support Structure and auxiliary power unit

bay. The fuselage structural arrangements for the M .98

and M .90 configurations are shown in Figures 7.3-1 and -2,

respectively. The primary difference between the two fuse-

lages is shown in the length difference and the fact that

the M .98 fuselage is area-ruled while the M .90 fuselage

is of constant diameter and is shorter. The materials and

methods of construction are the same for both configurations.

7.3.1 External Shell Structure

The external shell structure is fabricated from 1-in.

(.025 m) minimum honeycomb core and graphite-composite lami-

nated facings. The core is filled with foam for sound sup-

pression and thermal insulation, while the composite facing

laminates are thickness controlled and directionally tailored

for optimum structural efficiency. The shell structure is

designed to be manufactured in three sections, each the full

length of the cabin and about 120 ° (2.1 rad ) of the cir-

cumference. Frames are hat-shaped sections, of fiberglass

fabric with graphite reinforcing plies added to the cap.

The ring frame segments are bonded to the skin panels prior

to final assembly. The bond attachment at approximately

every fourth frame and in other local areas is reinforced
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with fasteners through the frame flange and inner-skin face

for added strength. The shell subassemblies are joined at

final assembly by splicing at the upper centerline and at

60 ° (1.05 tad) from the lower centerline. External and

internal skin splices are bonded in place and reinforced

with mechanical fasteners in double shear. Frame segments

are spliced using a bonded wet layup graphite-composite

splice.

The core in the upper two fuselage panels is omitted in

the window belt area. Appreciably thicker basic skin lami-

nate is required in this area due to the large number of

cutouts for windows. A composite doubler, added around each

window cutout, is elliptically shaped for minimum stress

buildup. Conventional window pan assemblies are riveted or

bonded to the skin in the conventional manner.

7.3.2 Internal Fuselage Structure

Cabin floor beams are attached to each ring frame

forward and aft of the wing. These are formed graphite-

composite laminate channels stiffened with fiberglass hat

stiffeners bonded to the beam. Cargo floor beams are fabri-

cated essentially the same.

Above the wing. center section, longitudinal floor beams

are substituted for the tranverse beams, which would cause

unnecessarily high stresses under high wing deflections.

Cabin floor panels are of sandwich construction, using

graphite-composite facings and either aluminum honeycomb

or edge-grain balsa wood core depending upon the floor usage.

Floor panels are installed between seat tracks with loose-

fitting fasteners for ease of removal. Cargo floor panels

are permanently installed graphite-composite sandwich panels

between the roller support rails.

Internal pressure bulkheads are located beneath the

cabin floor at each end of the nose wheel bay and at each

end of the main wheel bay. These bulkheads are of sandwich

design, using graphite-composite facings and aluminum core.

Hat-section fiberglass and graphite-composite stiffeners

are bonded to the bulkhead for pressure load transfer.

Above each landing gear well, beneath the cabin floor, are

the pressure seal webs. These too, are graphite-composite

sandwich, using the same fabrication methods. Longitudinal

shear webs, forming the sides of the nose wheel bay,
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separate the landing gear from the electrical system equip-
ment and transfer the gear loads to the skins and pressure
bulkheads. Between the main landing gear wheels, running
longitudinally between the pressure bulkheads, are shear webs

which transfer landing gear door loads and also provide a

path for bending loads from the aft fuselage to the wing.

These shear webs are fabricated of graphite-composite sand-

wich stiffened with graphite-composite hat sections bonded

to the webs.

The aft pressure bulkhead is a membrane type graphite-

composite web which is radially stiffened. It is installed

as a single piece on final assembly.

• 4\

7.3.3 Door Structure

The cabin passenger doors are conventional type with

graphite-composite skins and metal framing. The doors are

of the inward/outward opening plug type. Each door has

emergency equipment installed in it and is electrically

powered during normal operation and/or pneumatically oper-

ated in emergency.

Cargo doors are conventional in design and are hinged

along the upper surface and open outwards. Latches along

the lower surface provide hoop-tension continuity when the

doors are closed and locked. The hoop-tension door design,

through its good structural continuity of the fuselage, re-

suits in a minimum weight, reliable installation. The doors

are electrically operated.

7.3.4 Wing-Fuselage Attachment

Wing-to-fuselage attachment is accomplished through

three primary frames and a drag angle along the upper sur-

face of the wing. Metal forged and built-up frames replace

the composite frames at the forward spar, Just aft of the

aft box spar and at the auxiliary spar behind the main wheel

well. The front spar frame is attached directly to the

front spar web while the other two frames are attached to

a wing rib extension fitting running between the box aft

spar and the auxiliary spar. Wing torsion and shear loads,

landing gear side loads, and inboard flap loads are trans-

ferred through these members. Wing drag loads are trans-

ferred from the wing upper surface to the fuselage shell

structure through a titanium drag angle.
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7.4 HORIZONTAL TAlL

The horizontal tail is a one-piece all-movable tail-

plane hinged at the aft edge of the center box and actuated

by four hydraulic actuators mounted above the box. The

horizontal tail structure consists of the primary structural

box and secondary structure composed of the leading edge,

trailing edge, and tip. The horizontal tail structure is

shown in Figure 7.4-1 for the M .98 and Figure 7.4-2 for the

M .90 configuration. Except for minor size and sweep dif-

ferences, the two structures are identical; therefore only
the M .98 structure is described.

©

7.4.1 Primary Structural Box

The primary structural box is a one-piece section from

tip to tip, consisting of a front spar at the 37.0% chord

line, a rear spar at the 61.5% chord line, upper and lower

skin_ and multiple ribs. The front and rear spars are

fabricated of sandwich construction with graphite-composite

facings and aluminum honeycomb core. Each spar is broken

at the fuselage intersection point. The upper and lower

skins are also sandwich construction; however, these com-

ponents are fabricated in one piece, tip to tip, consisting

of graphite-composite laminated facings with aluminum honey-

comb core. The facing laminate orientation and thickness

are tailored to provide optimum load capacity. The box

ribs are of laminated graphite-composite with bonded fiber-

glass stiffening. The lower skins and spars are attached

by non-expanded shank rivets, while the ribs are bonded in.

The removable upper skin is then mechanically attached to

the box.

7.4.2 Secondary Structure

Horizontal tail secondary structure consists generally

of graphite-composite laminated understructure with bonded

sandwich skin panels of graphite-composite facings and

aluminum core. Intermediate spars are-located on the 8.0%

and 80.0% chord lines. Leading-edge segments and tips are

interchangeable and are easily removed and replaced.

7.4.3 Support and Actuation

The horizontal tail is supported at each side of the aft

fuselage by a clevis joint. The single lug of each joint

is attached to the tail structural box, while the double-lug
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fitting is attached to the fuselage bulkhead. The single

lug contains the bearing insert and is composed of two

laminates of metal for fail safety. A rib is located in

the structural box forward of and in line with each support

fitting.

The actuator fittings are forged aluminum fittings

bolted to the upper surface of the center box. As in the

hinge fittings, the actuator fittings are backed up by a

center box rib. The redundant actuators are sized and

located for fail safety.

i\

7.5 VERTICAL TAIL

The vertical tail structure contains a fixed multi-spar

primary box supporting both a rudder and the tail-mounted

engine. Fixed-secondary-structure leading-edge, tip, and

traillng-edge access panels complete the vertical tail

structure. The structural arrangements of the vertical

tails may be seen on the fuselage structural arrangements

(Figures 7.2-1 and -2). Since both structures are similar,

only the M .98 is described.

7.5.1 Prlmary Structural Box

The primary structural box is a four-spar box between

the 15.0% and the 55.0% chord lines. The spars transfer

all bending loads to bulkheads in the aft fuselage;-around

the engine nacelle, the spars split and form rings around

the inlet structure. There are four spars for added fall

safety. The primary box skins are sandwich panels that

transfer air loads to the spar caps. Ribs are located to

support the spars _nd break up the skin panels.

As in the wing spars, the primary box spars are formed

of back, to-back graphite-composite laminated channels separ-

ated by aluminum honeycomb core. The double webs of the

sandwich-type spars provide individual fail safety. The

box sandwich skins are fabricated of graphite-composlte

facings separated by aluminum honeycomb core. The core is

eliminated in the areas of the spars and ribs to facilitate

attachment. Access to the rudder actuator and linkage is

through the skins. Rib segments are stiffened sheet webs

formed of graphlte-composlte laminations stiffened by fiber-

glass hats bonded to the webs.
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7.5.2 Secondary Structure

The rudder consists of two sections, from the 68%

chord line aft, each acting independently for fail safety.

The rudder fiberglass-composite substructure consists of a

single spar with chordwise formed ribs terminating on the

aft closing channel. The skins are bonded sandwich panels

with graphite-composite facings, aluminum core, and fiber-

glass wet layup edge members at the substructure intersec-

tion. The rudder segments are supported from the aft spar

by forged aluminum hinge fittings at five places for each

rudder segment. Access doors between the rear spar and

rudder are hinged from the rear spar for quick, easy access.

These doors are sandwich panel construction, using graphite-

composite facings and aluminum honeycomb core.

The fixed leading edge segments and tip are of similar

construction to the wing and horizontal tail leading edge

and tip structure. These removable, replaceable segments

have chordwise formed ribs covered by bonded sandwich skins.

The segments are assembled by bonding and riveting and in-

stalled with mechanical fasteners.

7.6 NACELLE AND PYLON

The M .98 and M .90 engine nacelles consist of two

wing mounted units and one unit mounted in the vertical

tail. Each nacelle is made up of a nose cowl assembly,

fan cowl, and fan duct cowl assembly. The wing mounted

engines are supported by a pylon cantilevered forward and

below the wing while the tail mounted engine is supported

by a beam extending aft of the vertical tail structural

box.

7.6.1 Nose Cowl Structure

The nose cowl consists of a translating leading edge

(for M .98 nacelle only), fixed cowl, inlet duct, built-in

pylon disconnect, and the noise treatment secondary struc-

ture. The cowl leading edge translates on six shafts

through long ball bearing bushings located in the fixed

cowl structure. No actuators are required as lip suction

extends the leading edge when auxiliary air is required.

Spring closing is required to assure that the leading edge
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has moved back at speeds greater than M .4 and to eliminate
leading-edge chatter. Anti-icing is provided to both the
translating leading edge and the fixed-cowl leading edge.
The leading-edge structure consists of graphite-composite
inner and outer skins and radial frames of laminated sheet.
The forward portion of the pylon is integrally built into
the fixed cowl to provide adequate structure to support the
cowl from the pylon and disconnect. The fixed cowl and in-
let consists of graphite-composite formed frames and alumi-
num machined frames, machined longerons, and graphite-
composite sandwich inner and outer skin panels.

The inlet duct wall surface is acoustically treated
with porous filamentary composite material. Further noise
attenuation is provided by two concentric splitters that are
i in. (.025 m) thick for a length of 36 in. (.91 m). These
splitters, supported by three radial vanes, are also acous-
tically treated with porous filamentary composite materials.

7.6.2 Fan Cowl Structure

The fan cowl is a wrap-around cowl access door over the
engine and is supported by aluminum frames attached to the
nose cowl and the engine fan section. The cowl has four
hinges, equally spaced over 58 inches (1.47 m), which are
attached to hinge fittings on the pylon. Four cowl latches
at the lower centerline complete the attachment. The cowl
skin is constructed of aluminum framing and graphite-composite
skin panels.

7.6.3 Fan Duct Cowl Structure

The fan duct cowl structure consists of two integrated
doors, one on each side of the engine, that contain the
thrust reverser, the outer structure, the fan duct, and
noise attenuation treatment. These doors, when opened,
expose the entire engine and the engine/airplane accessories.
The doors are constructed of half-round frames and longerons
and skin panels. The inner structure consist_ of a fan duct,
noise-treated surfaces, and splitters. The bottom portion
has a smooth "canoe" shape surface which houses the engine/
airplane accessories.

Door framing and supporting structure are constructed

of aluminum. The core panels must withstand the high temper-

atures of the engine; therefore, these panels are constructed

of welded titanium honeycomb with the facing on the fan-duct

J
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side perforated for acoustic treatment. The splitters and

external fan-duct skins are sandwich with perforated alumi-

num skin on the duct surfaces and graphite-composite struc-

tural skins. Outside sandwich skin panel is of graphite-

composite facings with aluminum honeycomb core.

7.6.4 Pylon Structure

The nacelle pylon structure consists of front and rear

spars, internal ribs, and external skins. The pylons are

attached to the nacelle and engine by drag angles at the

skin intersections and with fittings at the main nacelle

frames and at the engine mounts. The attachment to the wing

structure is accomplished by spar attach fittings at the

wing front and rear spars and by drag angles attaching the

pylon skin to the wing skin and ribs.

The front and rear pylon spars are sandwich construc-

tion, using graphite-composite facings and aluminum core.

Internal ribs and frames are graphite-composite laminates

with fiberglass stiffening. Pylon side skins, leading

edges, and trailing-edge fairing panels are of bonded sand-

wic_ using graphite-composite facings and aluminum honeycomb

core. Fittings and engine-mount structure are fabricated

from machined forglngs of aluminum or steel, as dictated

by the stress level and temperature requirements.

7.7 LANDING GEAR

The landing gear is basically conventional, with four-

wheel trucks on the main landing gear and dual wheels on

the nose landing gear. The main landing gear retracts in-

board, and is stowed in a well beneath the cabin floor just

aft of the wing rear spar. The nose landing gear retracts

forward. Hydraulic power is used for normal actuation, but

both gears will lower by gravity in emergency.

7.7.1 Gear Design and Materials

The landing gear has been designed to permit the air-

plane to operate at maximum gross weight from any airfield

that can accommodate current wide bodied and other DC-8/

B707 Class Aircraft. This is accomplished by a wide spac-

ing of the main gear wheels and by selection of large tires

with moderate inflation pressure.
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For the M .98 airplane, the main gear shock strut has

a piston diameter of 9.0 inches (.23 m) and a 23.0-inch

(.58 m) total stroke. The nose landing gear shock strut

is 5.8 inches (.15 _) in diameter and the total stroke is

17.0 inches (.43 m).

For the M .90 airplane, the main gear shock strut has

a piston diameter of 8.6 inches (.22 m) and a 23.0-inch

(.58 m) total stroke. The nose landing gear shock strut is

5.5 inches (.14 m) in diameter and the total stroke is 17.0

inches (.43 m). Both nose and main gear units are conven-

tional oleo-pneumatic design.

The basic elements of the landing gear are fabricated

from 300M alloy steel forgings, fully machined to eliminate

surface decarbonization. This alloy is characterized by

excellent fracture toughness, fatigue strength, and re-

sistance to hydrogen embrittlement and stress corrosion.

The heat treat range is 280-300,000 psi (1.93-2.06x109 N/m 2)

ultimate tensile strength.

7.7.2 Tires, Wheels, and Brakes

For the M .98 configuration, 43x17-17 tires are

selected for the main landing gear and 33x13-13 tires for

the nose landing gear. At maximum gross weight, these tires

require an inflatioB pressure of 153 psi (1.05 x 106 N/m 2)

and 139 psi(.96x10 ° N/m2), respectively. Similarly the

M .90 configdrations has 40x16-16 main gear tires and

30x12-12 nose gear tires with max gross weight pressures

of 154 psi (1.06x106 N/m 2) and 161 psi (l.llx106 N/m2),

respectively. These large r tires permit a lower inflation

pressure, resulting in more landings per tire change and

contribute to better braking performance and reduced field

length requirements.

Both The nose and main landing gear wheels are con-

ventional in design and construction and are fabricated

from aluminum alloy forgings.

The multlple-dlsk brakes employ granulated graphite

pads and are designed with sufficient energy capacity to

permit a rejected take-off stop with the brakes already

hot from previous usage. A fully proportional, pressure

modulatlng,antl-skld control system is installed in each

of the two brake hydraulic systems to provide maximum brake

performance with minimum tire wear.
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7.7.3 Landing Gear Doors

Two doors on each side close the openings in the wing
and fuselage when the main landing gear is retracted. The
outboard doors are connected directly to the shock struts

by a simple link. The inboard doors are actuated by separ-

ate hydraulic cylinders.

The nose wheel well is enclosed by two pairs of clam-

shell doors. The aft doors are connected directly to the

shock strut by simple mechanical links. The forward doors

are actuated by the motion of the upper drag brace links

through a mechanical linkage. These doors return to the

closed position when the landing gear is extended.

All landing gear doors are fabricated from bonded sand-

wich panels, using graphite-composite facings and aluminum

honeycomb core. Edge members are wet layup fiberglass over

beveled core edges. Link and mechanism fittings are machined
aluminum.

7.7.4 Steering and Towing

Nose wheel steering is accomplished by means of two

actuating cylinders connected to the axle through the

torque links and a rotating collar at the lower end of the

strut barrel. Each cylinder receives pressure independently

from one of two separate hydraulic systems. Maximum steer-

ing angle is 78 degrees (1.4 rad) to either side of center.

Towing can be accomplished from either the forward or

the aft side of the nose landing gear.
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HIGH-LIFT

SECTION

SYSTEM

8

DESCRIPTION

The hlgh-lift system (Figure 8.0-i) incorporates

essentially full-span leading-edge slats and trailing-edge

flaps. The devices are interrupted only by the engine

pylon at the leading edge and by the all-speed aileron at

the trailing edge.

The slats outboard of the engine pylon are of the

variable-camber Kruger type, divided into eight equal

sections with a span-to-chord ratio of approximately 4.0.

Short slat spans reduce induced stresses due to wing bend-

ing and provide a means of optimizing slat deployment angles

along the wing span. The wing lower-surface leadlng-edge

skin is extended to form the slats. A linkage mechanism

bends the skin to make it aerodynamically more effective.

The compound curvature of the wing leading edge in-

board of the engine does not lend itself to the variable-

camber concept. Hence, the two slat sections inboard of

the engines are of'the simple Kruger type.

The inboard and midspan trailing-edge flaps are of the

double-slotted Fowler type. These flaps are divided into

three sections and form a continuous trailing edge except

where interrupted by the all-speed aileron. The outboard

flaps, of the simple hinged type, are divided into two

sections.

A ground spoiler located forward of the inboard flap

is provided for llft dumping during ground roll.

The concept of a buried flap-actuation system (Figure

8.0-2) was generated to avoid the use of large external

fairings on the supercritlcal wing. In this concept, all

of the desired aerodynamic features are retained. The large

constant-chord leading-edge slats fold into the lower wing

surfaces so that no surface roughness occurs on the wing

nose or upper contour. The large double-slotted Fowler

flaps have optimum air gaps at both the takeoff and the

landlng deflection. No external fairings are required.

The above system is expected to provide maximum lift

coefficients (FAR rules) of 2.61 for the .98M design and
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2.80 for the .90M design. The larger value for the .90M

design results from increased wing thickness ratio and

reduced sweep. These levels of lift are representative of

what would be expected for a comparable system on a con-

ventional airfoil. Test results reported in LWP 990 and

preliminary two-dimensional results indicate that a super-

critical airfoil with a high-lift system has aerodynamic

characteristics quite similar to those of a conventional

airfoil with a comparable system.
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SECTION

CONTROL OF

DESCRIPTION

9

FLIGHT

AND AERO

ANALYSIS

O

9. I INTRODUCTION

This section contains a description of the various

aspects of advanced flight controls considered in the ATT

system study. Specific items include aerodynamic stability

and control, key handling qualities characteristics, flight

controls with emphasis placed on several advanced technology

concepts, and avionics in terms of functional usage as well

as general implementation�installation aspects. During the

initial phase of the study, the stability and control effort

was concentrated on two main tasks: (i) support of the

configuration selection process and (2) a detailed analysis/

simulation of active flight controls on a baseline NASA

configuration. In this time period, avionics work was

focused upon requirement analysis and review of current and

developmental equipment. In the remainder of the study,

the promising active control features were applied to the

selected configurations, and checks were conducted on the

most significant items of handling qualities. As a result

of NASA redirection at the study mid-point, the flight

controls and handling qualities effort was shifted to the

Convair Aerospace-derived configurations. The avionics

system was definitized in terms of overall organization,

suitable component items, and implementation.

9.2 ACTIVE FLIGHT CONTROLS EVALUATION

The following subsections contain the most significant

results obtained in the evaluation of__arious active control

system (ACS) concepts on the NASA baseline configuration

(Figure 9.2-1). In several instances, key data are also

presented for a representative final 0.98 Mach number con-

figuration (Figure 9.2-2).

©
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9.2.1 Active Flutter Suppression

The improvements in the damping of flutter mode response

obtainable with various active suppression concepts are

illustrated in Figures 9.2-3 through 9.2-5. These results

have been obtained from a Direct Analogy Electronic Analog

Computer (DAEAC) simulation of the flexible NASA baseline

configuration, together with an Electronic Differential

Analyzer (EDA) representation of the salient control system

characteristics. The structural simulation is that of a

wing of composite materials designed to the reduced loads

afforded via maneuver load alleviation. Figures 9.2-3 and

9.2-4 illustrate that the Nissim concept (Reference 9-1) of

applying a combination of feedback signals to both trailing-

edge and leading-edge controls results in the largest

improvements in flutter mode damping. A basic limitation

in suppressing flutter of the reduced-loads wing is that,

as feedback gain is increased to stabilize the 3-cps mode,

a 6-cps mode is destabilized. A revised wing structural

arrangement which incorporates increased torsional stiffen-

ing will reduce the dominance of the 6-cps mode so that

the critical flutter case may be stabilized by a single

control surface (Figure 9.2-4).

The data presented in Figures 9.2-3 and 9.2-4 are based

upon feeding back idealized response signals, i.e., position

and velocity structural responses in bending and torsion.

The results of a brief study on approximating such signals

via a normal accelerometer with signal compensation are

illustrated in Figure 9.2-5. Note that significant degrada-

tion was experienced in the simulation of present-day com-

pensation hardware. Since both 3-cps and 6-cps modes are

important in suppressing flutte_ in the future a more

sophisticated compensation network exhibiting minimum phase

shift in this frequency range is expected to result in

materially enhanced flutter suppression. Another plausable

approach would be to perform more sophisticated mathematical

operations upon the feedback signals by us_ of a digital

flight control computer.

Weight savings are presented in Figure 9.2-6 for the

case of three control arrangements capable of providing

significant flutter suppression. Note that the weight

saving possible with an outboard aileron is almost twice

that of a small all-movable tip control. It is significant

that about three-fourths of the control system weight increase

is due to increased hydraulic flow rate requirements. Thus,
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significant additional savings would accrue from any obtain-

able reductions in hinge moments and/or required deflection

rate s.

The brief evaluation of flutter suppression at the more

critical minimum wing-fuel condition revealed additional

potential savings. In this case, 1288 pounds (584 kg) of

additional torsional stiffening is required to exclude

flutter in combination with the aileron control. However,

the usage of both the tip (leading edge) and trailing-edge

controls results in flutter-free characteristics with the

minimum weight structural arrangement. This finding is

considered to be a substantiation of the basic Nissim flutter

suppression concept. However, it should be pointed out that

the full potential of the Nissim concept could not be eval-

uated in the present study as a result of a lack of detailed

aerodynamic data on supercritical wings with leading-edge

controls. Further work along this line should be accom-

plished when the necessary control characteristics have been

established.

9.2.2 Maneuver and Gust Load Alleviation

The data in Figures 9.2-7 and 9.2-8 illustrate the

weight savings obtainable through the use of an inboard

flaperon and/or an outboard spoiler to reduce wing design

loads. The payoff is essentially due to the outboard

spoiler, but the development risk is associated with pro-

viding an inboard trailing-edge control capable of function-

ing both as a high-speed flaperon and a low-speed double-

slotted fowler flap. A comparison of the data in Figures

9.2-7 and 9.2-8 reveals that the saving for a composite wing

is much less than that for an aluminum wing with the same

reduction in design load.

The term"wing design load control" has been applied

to the data in Figures 9.2-7 and 9.2-8 in that the indicated

structural weight savings are based upon a slight reduction

of the outboard wing gust-induced loads as well as the wing

bending moment caused by 2.5-g maneuver loads.

The benefits of alleviating the response to large

discrete gust inputs are illustrated in Figure 9.2-9. These

data, based upon a normal acceleration feedback to the in-

board flaperon, reveal a twenty to twenty-five percent

reduction in peak g's at the center of gravity. Since gust-

induced loads are critical on the forward fuselage, some
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structural weight reductions are obtainable; however, this

is not sufficient to offset the increase in control system

weight. A better alternative would be to attenuate only

the peak positive-g response by symmetrical outboard spoiler

deflection. Such an arrangement is in good accord with the

preferred wing design load control functional implementation.

9.2.3 Relaxed Aerodynamic Stability

Results of the relaxed longitudinal stability evalua-

tion on the NASA baseline configuration are illustrated in

Figure 9.2-10. Data on flexible aerodynamic center location

in the left portion of the figure illustrate that a configu-

ration balance to ensure a minimum of zero static margin at

the extreme condition (limit dive speed, sea-level altitude)

will result in a static margin of 27.5 percent MAC at the

cruise condition. Data in the right portion of the figure

illustrate that such a conventional balance corresponds to

7 counts of trim drag at a cruise CL of 0.4. This trim drag

may be essentially negated by static stability augmentation

via the flight control system implementation.

The initial evaluation of relaxed aerodynamic stability,

as discussed above, did not include horizontal tail size as

a variable. However, this variable is included in the more

complete analysis performed with the representative Phase II

configuration shown in Figure 9.2-2. The results of this

study are summarized in Figure 9.2-11. The forward and aft

center-of-gravity limits are presented in Figure 9.2-11 as

a function of horizontal tall volume coefficient, i.e., the

moment area of the all-movable longitudinal control surface

non-dimensionalized by the product of wing reference area

and MAC.

The balance characteristics shown in Figure 9.2-11 must

be considered somewhat tentative in that experimental high-

._L_ft aerodynamics are not yet available for the Convair

Aerospace selected configurations. For the purposes of this

evaluation, high-lift longitudinal aer_dynamlccharacteris-

tics have been estimated upon the basis of wind tunnel data

obtained with NASA configurations of ATT and F8-1 prototype

models. Ground effect increments were estimated upon the

basis of standard practices in the case of lift coefficient

and of general trends for vehicles of similar geometry in

the case of pitching moment coefficients.
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Limits are shown for two cases. In the case of con-

ventional balance, the aft limit is selected to have the

static margin be at least positive within the dive speed

envelope. In the case of relaxed aerodynamic stability,

the aft limit is based upon the ability to trim the clean

configuration to a wing-body lift coefficient of 1.0

(taking into consideration the nonlinearities in pitching

moment with llft coefficient evident in the ATT Parametric

Wind Tunnel Program data). In this latter case, a maximum

horizontal tall deflection of +15 degrees is employed to

afford ample control power reserve (approximately 40 per-

cent) to handle the dynamic aspects of critical upset

disturbances. Both of the normal low-speed control require-

ments, (I) trim to CLmax in the takeoff and landing con-

figurations in free air and (2) noise gear unstick at 105

percent stall speed, are presented in regard to the forward

center-of-gravlty limits. In all cases, the main landing

gear location is varied as a function of the aft center-of-

gravity limit so as to meet standard tip-back constraints.

The required horizontal tail volumes and the corresponding

center-of-gravlty limits are shown in Figure 9.2-11 on the

basis of operational forward-to-aft center-of-gravity range

of ten-percent MAC. Note that these results carry the

implication that a twenty-flve-percent reduction in hori-

zontal tall area may be obtained by employing relaxed longi-

tudinal aerodynamic stability concepts.

Effects of horizontal tail volume on the cruise drag

contribution of the horizontal tail are illustrated in

Figure 9.2-12 for the case of conventional balance. The

trim drag component may be reduced to zero by increasing

tall volume, but the total horizontal tall drag at cruise

remains essentially constant because of increases in skin

friction drag'in proportion to horizontal tall wetted area.

The major impact of balance concept upon vehicle charac-

teristics may be summarized in terms of the changes in

structural weight and drag at the trimmed cruise condition.

Application of the data presented in Figures 9.2-Ii and

9.2-12 to the final selected 0.98Math cruise configuration

yield the following savings as a result of relaxed static

stability:

i. Reduced Structural Weight 690 ib (313 kg)

2. Decreased Drag at Cruise 7 counts.

J
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In view of the fact that the longitudinal control

requirements have significant impacts on configuration

operating characteristics through structural weight and

cruise drag effects, further benefits may be obtained by

incorporating a geared trailing-edge control on the all-

movable horizontal tail (suchas that employed on the

Lockheed L-1011). Balance characteristics of such a con-

figuration; with a 0.3c full span trailing edge control

geared i:i to the all-movable horizontal tail, iare given

in Figure 9.2-13. Note that the addition of the geared

trailing edge enables further substantial horizontal tail

area reductions (nearly 20 percent) from the values pre-

viously given for an all-movable horizontal tail (Figure

9.2-11).

Throughout the ATT configuration selection studies, a

horizontal tail volume coefficient of 0.60 has been used in

sizing horizontal tails on Convair Aerospace configurations

designed to relaxed aerodynamic stability levels. The data

presented in Figures 9.2-11 and 9.2-13 are considered to

represent a firm substantiation of this guideline, parti-

cularly in view of the tentative nature of the pertSnent

high-lift aerodynamic characteristics.

Additional information on the payoffs ofrelaxed aero-

dynamic stability is presented in Section 6 in terms of

economic characteristics.

9.2.4 Other Benefits of Active Flight Controls

several other advanced flight control concepts, in

addition to those discussed above, may be beneficially

applied to the ATT configurations. Although the benefits

are not presently quantitatively assessable in terms of

mission performance and economic improvements, several

significant concepts are discussed, i.e., improved path

control, reduced fatigue damage, improved ride quality, and

safety-of-flight under upset conditions.

9.2.4.1 Improved Path Control

A considerable number of engineering efforts (References

9-2 through 9-11) have demonstrated by flight evaluations,

ground-based simulations, and detailed studies that flight

path control during landing approachmay be significantly

enhanced by the use of Direct Lift Control (DLC). Indica-

tions are that the benefits of DLC, in conjunction with
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automatic landing systems, will be as large if not larger

than those already identified for manual landing approaches.

On the ATT configurations, implementation is obtained by

symmetrical deflection of the inboard spoilers about a 10-

degree biased position with pitching moment compensation

via horizontal tail deflection. In addition, the auto-

throttle function will be available during manual, auto-

pilot, and automatic landing operation to provide improved

speed control. Further information on the flight controls

implementation may be found in Subsection 9.5.

Consideration of the application of DLC to a large

transport vehicle reveals that several significant benefits

may accrue. The greatest of these is in providing an air-

craft with a control system which cannot induce stalling

but at the same time will enable the pilot to utilize

practically all the available CL range of the configuration.

In view of such new vehicle usage, present airworthiness

concepts should be reappraised to define the applicable low-

speed safety rules. An overall assessment of DLC concepts,

given by Pinsker in Reference 9-10, indicates that a crucial

consideration is the effective point of application of the

net llft produced by DLC. In a practical implementation,

the pitching moment produced by the chosen direct-lift

surface would be altered by automatic deflection of the

basic pitch control surface to obtain an effective DLC cen-

ter of pressure at the desired point. The work of Pinsker

suggests that such a DLC effective center of pressure should

be ahead of the aerodynamic center by a distance equal to

or greater than the maneuver margin, the so-called "ideal

point" being a distance just equal to the maneuver margin.

When the DLC llft acts at this "ideal point," total lift

change will be proportional to control application with no

aircraft response in pitch angle. This type of control

would be ideal for the automatic control of vertical velocity

and height above runway during Automatic Landing Operation.

If the DLC center of pressure acts ahead of this "ideal

point," DLC action will be amplified by favorable aircraft

incidence response. This type of application would be bene-

ficial during manual pilot control since the net result

would be to correct the sluggish response of large vehicles

at flight conditions of low dynamic pressure. Note that

these considerations carry the implication that different

values of pltchlng-moment compensation should be employed

in the separate cases of manual and automatic fllght-path
control.

/
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On the premise that DLC allows substantial improvements

in precision control during approach and landing, the follow-

ing benefits are anticipated for the use of DLC:

l. Reduced vertical velocity at touchdown will

enable relief in undercarriage design require-

ments with attendant savings in landing gear

weight.

. In conjunction with item I, a softer oleo

suspension may be utilized to reduce dynamic

taxi loads and thereby extend fatigue life.

. Items i and 2 may be traded off against a

steeper landing approach flight path to reduce

fly-over noise and increase obstacle clearance.

. Increased precision control of touchdown point

would yield better runway utilization and

enhance safety under wet or icy runway con-
ditions.

. The operating margins above stall speed

during appr.oach for landing may possibly be

reduced through the use of DLC in conjunction

with an auto-stall-avoidance system so as to

achieve improvements in landing performance.

a Improved control system performance charac-

teristics under manual and automatic control

will enable use of higher feedback gains and

result in much tighter system dynamics.

The future control system technology programs recommend-

ed in Volume II include a possible DLC systems application

study for ATT-type configurations in which the above antici-

pated benefits would be evaluated.

9.2.4.2 Fatigue Damage Effects of ACS-

Fatigue damage calculations were performed to determine

the effects of a maneuver- and gust-load-alleviating active

control system (ACS) on transport aircraft service life.

Three airplane configurations were analyzed; namely, (I) 100-

percent strength without ACS, (2) 100-percent strength with

ACS, and (3) reduced strength with ACS. Damage was calcu-

lated at the following four control points:
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Wing at Span Station _ = 0.187

Wing at Span Station _ = 0.702

Fuselage at Station 957 inches (24.2 m)

Fuselage at Station 1196 inches (30.4 m).

The fatigue damage caused by gust, maneuver, and ground-air-

ground cycle, including landing impact, is summarized for

each control point in Table 9.2-1. All values are presented

as fractions of damage calculated for the 100-percent

strength without ACS configuration. Thus the effect of ACS

can readily be seen.

Results of the analysis are summarized as follows:

. Gust and Maneuver Load Alleviation ACS applied

to an aircraft that was designed to be satis-

factory without ACS significantly reduces

fatigue damage caused by gust, maneuver, and

ground-air-ground cycles. The reduced ground-

alr-ground cycle damage is attributable to the

ACS action in moderating the highest peak load

per flight.

2. Gust and Maneuver Load Alleviation ACS applied

to an aircraft optimumly designed for the

reduced loads reduces the damage caused by gust

and maneuver by approximately 40 to 70 percent

in terms of the control points studied. However,

the Ground-Air-Ground damage increased from I0

to 30 percent of the baseline configuration.

This effect is reasonable because the one-g

operating stresses are generally higher for

the ACS optimum designed airplane than for the

baseline airplane when both are designed to the

same limit maneuver and gust environment.

9.2.4.3 Improved Ride Quality

The effects of employing a normal acceleration feedback

to the inboard flaperon of the NASA baseline configuration

are illustrated in Figure 9.2-14. Such a gust-alleviation

function results in significant reductions in RMS gust

response all along the fuselage; however, the unalleviated

response characteristics are by themselves suitably small.
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Table 9.2-1

FATIGUE DAMAGE RESULTS

!

Control Point

0. 187

Maneuver

G.A.G.

Wing @n= 0.702

Gust

Maneuver

G.A.G.

Fuselage Sta 957
(24.2 m)

100% Strength

without ACS

1.00

1.00

1.00

100% Strength

with ACS

Relative* Fatigue Damage

Study Configuration

Reduced Strength

with ACS

Gust

Maneuver

G.A.G.

Fuselage Sta

Gust

Maneuver

G.A .G.

1196

1.00

1.00

1.00

I. O0

1.00

1.00

.39

.09

.65

.25

.50

.90

1.00

I. 00

I. 00

.37

.42

.82

.29

.13

.75

.65

.64

i.i0

.55

•.50

1.16

.49

.58

1.08

.42

.27

1.29

* Data normalized on 100% strength without ACS configuration.
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Such a gust alleviation implementation has not been included

on the final Convair configurations because of a conflict

in implementing the inboard trailing edge as both a high-

speed flaperon and a low-speed double-slotted flap. If such

an implementation could be devised, a significant weight

penalty would be imposed by the high-speed hinge-moment

characteristics. On the selected Convair configurations,

some ride-quality improvement will be obtained via gust-

load alleviation • in that the outboard spoiler will minimize

the peak positive normal accelerations induced by large

discrete gusts.

9.2.4.4 Safety of Flight in Turbulence and Critical Upsets

The employment of the relaxed aerodynamic stability

concept results in placement of additional emphasis on the

ability to control extreme upset conditions. One such

critical situation is control of the response to large

discrete gust inputs at conditions characterized by longi-

tudinal aerodynamic instability. The flight conditions of

interest occur at the low-altitude, high-speed and dive-

speed limits since aeroelastic losses dominate in the

reduction of static longitudinal stability. Since the FAR

Part 25 design discrete gust magnitudes are 50 feet per

second (15.2 meters per second) at the hlgh-speed, low-

altitude limit and only 25 feet per second (7.6 meters per

second) at the corresponding dive-speed limit, discrete gust

response at the high-speed limit poses the more difficult

control problem.

Typical time history response data for such a case are

presented in Figure 9.2-15. The period of the gust input

used to calculate these data is somewhat longer than the

FAR standard. This longer period of gust waveformwas

employed in order to tune the input to the longitudinal

short-period response and thereby consider the largest

transient condition possible with the given peak value of

gust velocity. Note that both with and without Maneuver

Load Control (MLC)-vla Wing tip spoilers, the transients

are quite mild and onlysmall control-surface deflections

are needed to rapidly stabilize the aircraft response.

9.2.5 Active Controls Payoffs -

NASA Baseline Configuration

Payoffs on the application of selected active control

features are shown in Figure 9.2-16 in terms of the
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obtainable reductions in takeoff gross weight when the con-

figuration is resized to maintain constant performance.

Note that the savings are significantly less if the wing

and empennage are fabricated of composite materials rather

than aluminum. The baseline used in establishing the

incremental effects is a configuration with the trim drag

of conventional balance and a structural arrangement for

100-percent design maneuver and gust loads. A common ground

rule is that all configurations are flutter free. For the

most part, the flutter constraint is based upon a maximum

wing fuel condition since this was the primary case con-

sidered in the flutter investigation. Where available,

data are also presented for a low fuel condition that was

found to be more critical in flutter.

The benefits of relaxed aerodynamic stability reflect

only the elimination of cruise trim drag since horizontal

tail size was not varied in this evaluation. Comparable

additional savings are obtained by maneuver and gust'load

alleviation via symmetrical outboard spoiler deflection.

In Case 2, some torslonal stiffening is added as wing bend-

ing material is decreased so that the reduced design load

configuration remains flutter free. Additional weight

savings accrue when flutter suppression via the small out-

board aileron is included (Case 3). Prevention of flutter

at the 10- percent wing fuel loading via combined use of

aileron and tip flutter suppressors offers additional pay-

off in the only case of this type investigated.

9.3 AERODYNAMIC STABILITY AND CONTROL

9.3.1 Longitudinal Characteristics

Longitudinal stability and control effectiveness data

on a representative final configuration are given in Figure

9.3-1 to illustrate both the Math number and aeroleastic

effects. Excellent control effectiveness is evident through-

out the flight envelope to beyond limit dive speeds. In the

case of aerodynamic-center position, two factors result in

considerably forward locations. Large aeroelastic effects

are associated with the selected wing planformand minimum

weight structural arrangement. Also, the rigid aerodynamic-

center location is in itself quite far forward due to two

geometric features. The highly swept wlng-strake with

blended fuselage juncture yields quite-far-forward wing-body

values. Unpublished results of the ATT Parametric Wind

Tunnel Program indicate that the horizontal tail is located
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in region of high downwash, as discussed in Reference 9-12;

thus the horizontal tail contribution to longitudinal

stability is significantly less than normal.

The variation in aerodynamic static margin during a

typical flight profile is given in Figure 9.3-2. The con-

figuration balance of this data meets the two basic require-

ments: (i) that trim drag at cruise be essentially zero

and (2) that the vehicle be completely controllable in the

event of an extreme upset at the most critical flight con-

dition. (See Sections 9.2.3 and 9.2.4.4 for additional

discussion.) The data in this figure illustrate that, for

most of the normal operation, small to moderate values of

positive static margin will occur; only during brief tran-

sient conditions will it be necessary to rely on the

artificial static stability afforded by the advanced flight

control system.

9.3.2 Lateral-Directional Considerations

The primary impact of the lateral-directional aero-

dynamic characteristics upon overall configuration arrange-

ment is in the selection of suitable vertical tail geometry.

Initial checks accomplished to support parametric configu-

ration layouts lead to the general conclusion that engine-

out directional control during takeoff is the critical item

on configurations with two wlng-mounted and one centerline

flow-through nacelles, as in Figure 9.2-2. Accordingly, on

such configurations, the exposed vertical tail is sized to

enable directional control of one engine out at the stall

speed in the takeoff configuration. A specific layout

guideline in terms of tall volume has been employed for the

moment area of that part of the vertical tall flapped by the

rudder as a function of the thrust-to-weight ratio and span-

wise location of the wlng-mounted engines.

)

9.4 HANDLING QUALITIES

9.4.1 Longitudinal Dynamics _

The short-period dynamics associated with the aero-

dynamic characteristics reviewed previously in Section 9.3.1

are illustrated in Figure 9.4-1. Characteristics at a wide

range of flight conditions are given for the NASA baseline

configuration since much of the flight control formulation

was accomplished on this arrangement. The results of key

checks on a representative final arrangement are also
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presented to verify control system adequacy on the final

configurations over a wide range of positive and negative

static margins.

9.4.2 Recovery from Upset

Peak transient response to large discrete gusts at the

flight conditions of maximum static instability were presented

previously in Figure 9.2-15 for a flight condition of large

aerodynamic instability. These data illustrate that the

longitudinal control power and control system implementation

are adequate to handle this most critical upset condition.

As noted previously, no objectional variations in control

power occur due to either Mach number or aeroelastic effects

within the dive-speed envelope (see Figure 9.3-1). Since

both the trim and longitudinal control function are imple-

mented via the all-movable horizontal tail, no conflict

between trim and control will occur, and ample control is

provided for all other types of upsets such as center-of-

gravity shifts and overspeed conditions.

9.4.3 Low-Speed Control Requirements

The critical longitudinal control requirement for takeoff

and landing operations is the ability to rotate to takeoff

attitude prior to the attainment of the desired lift-off

speed. As presented previously, Figure 9.2-11 illustrates

the corresponding forward center-of-gravity limits based

upon the ability to accomplish nose-gear unstick at 105-

percent stall speed in the takeoff configuration. Note that

the use of the relaxed static stability concept enables the

attainment of a suitable center-of-gravity operating range

with a smaller size horizontal tail. Use of the above dis-

cussed control criteria results in considerable excess in

trim capability for all conditions up through stall on those

configurations balanced to relaxed static stability concepts.

As discussed in Subsection 9.2.3, the forward center-of-

gravity limit on configurations with conventional longi-

tudinal balance is set by the ability TO trim to CLmax in

the takeoff and landing configurations in free air. Deep

stall avoidance is not anticipated to be a significant

handling qualities factor on the Convair selected configu-

rations since use of a low horizontal tail position is

expected to result in nose-down pitching moment trends at

and above stall.
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No difficulty is anticipated in low-speed directional

control since vertical tail size is based upon control of

engine-out yawing moments at speed down to stall in the

takeoff configuration. On the Convair configurations,

directional control requirements for crosswind landings

are significantly less than the requirements imposed by

engine-out conditions.

9.5 FLIGHT CONTROL SYSTEM

Several sources of information were utilized to deter-

mine the flight control requirements for the next generation

of cou_ercial transport aircraft, to determine the optimum

implementation of these requirements, and to assess the

readiness of the required technology. Major vendors of

cou_nercial flight control hardware were contacted and,

although no funding was available for them to perform any

new studies, they did supply valuable commentary and litera-

ture. The following companies which supply flight control

or air data hardware were contacted:

Bendix Corporation

General Electric Corporation

Honeywell, Inc.

Sperry Rand Corporation

Lear Siegler, Inc.

Airesearch Manufacturing Company

Bendix and Lear Siegler visited Fort Worth for discussions.

Bendix, Sperry, Lear Siegler, Honeywell, and Airesearch sub-

mitted pertinent literature. Additionally, Bendix and

Sperry submitted written comments. Verbal discussions were

held with all of the vendors contacted. The unfunded

support provided by these companies is greatly appreciated.

In assessing the state of readiness of the desired

technology, current and projected programs were analyzed.

Not only commercial research anddevelopment programs such

as those sponsored by NASA, FAA, and individual companies

were considered, but also the large number of military

programs that can also lead to the development of the

required technology were reviewed. Convair study programs

concerning fly-by-wire flight controls and multiplexing

have provided an awareness of the benefits of these tech-

niques.
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f
Discussions were also held with airline operators

concerning some of the newer concepts being considered.

However, technical and economic considerations only influ-

enced the recommended flight control system features and

implementation since the state of readiness of certain

technologies is easier to predict than is their accept-

ability to airline operators, pilots, or the FAA.

9.5.1 System Modes and Functions

The results of the active control system study described

in Section 9.2 reveal that several advanced control concepts

may be applied to transport aircraft of the future with

significant economic benefits• Advanced control concepts

which are included in the Convair configurations are as

follows:

le Maneuver Load Control - Wing-tlp spoilers

deflected symmetrically during maneuvers to

reduce wing-root bending moments.

• Active Flutter Suppression - Wing flutter

mode damped by employment of small, outboard,

trailing edge surface, and a tip flutter

suppression surface located outboard and

forward on the wing tip.

• Static Stability Augmentation -Feedbacks to the

horizontal tail utilized to augment both angle-

of-attack and speed stability.

B Direct Lift Control - Biased wing spoilers used

to improve flight-path control during the landing

approach.

The evaluation of the full-time gust-alleviation system

indicated that the improvements in ride qualities and

fatigue life did not justify the incorporation of this

feature. However, the recommended implementation of the

Maneuver Load Control feature is such that it provides

attenuation of large-amplitude positive gusts•

The primary flight controls provide three-axis control

and trim. Dynamic stability augmentation is included in

the pitch and yaw axes. Automatic turn coordination is

provided in the landing approach configuration.
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Although an extensive assessment of the autopilot

requirements was not made, it is felt that features available

in the most recent vintage of commercial transports (DC-10,

L-1011) are adequate for the 1975-1985 time frame with the

exception that a Category III automatic landing capability

will be both desirable and available. The following auto-

pilot/fllght director system modes are available on the

L-1011 and are recommended for the Convair designs:

I. Attitude Hold

2. Heading Hold

3. Control-Wheel Steering

4. Altitude Select

5. Vertical Speed Hold and Select

6. Localizer

7. Heading Select

8. Altitude Hold

9. Math Hold

i0. IAS Hold

II. VOR and Area Nav.

12. Approach

13. Approach/Land.

An automatic throttle system is also a feature of the

proposed flight control system. This system is an airspeed

command system except during final approach, when it will

revert to angle-of-attack control. The auto-throttle may

be used for manual approaches but will also be compatible

with the auto-land system.

9.5.2 Basic Flight Control Implementation

9.5.2.1 Implementation Philosophy

After surveying the current state of flight control

technology and projecting forward to the 1975-1985 time

frame based on current and proposed research programs,
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Convair envisions some rather drastic changes in flight

control implementation philosophy. It is the opinion of

Convair, and also of those vendors of flight control hard-

ware which were contacted, that flight cDntrol equipment for

the 1975-1985 time period will be digital in concept and

design. Honeywell and possibly others have determined the

computational requirements for the digital implementation

of the outer loops of a fighter aircraft Automatic Flight

Control System, an Automatic Throttle Control System, a

Stall Warning System, and Built-in Test Equipment for all

of the above. The implementation of the above computations

did not tax a 1968-vintage (HDC-201) airborne digital com-

puter. With the significant increase in computational speed

obtained recently (Honeywell claims a 3-to-i speed increase

from the HDC-201 and the !970-model HDC-301) and the pro-

jection of further speed increases, it seems reasonable to

assume that the 1975-1985 computers could also handle the

primary control and inter-loop computations as well as

those required by the Active Control System.

Convair is proposing dedicated computers for the flight

control computations and separate dedicated computers for

the air data computations. Some people feel that the trend

is to one centralized "super computer" to perform all on-

board computations. The question of having a "super

computer" as opposed to smaller, dedicated computers was

not specifically posed to the flight control vendors, but

Bendix did furnish an opinion that the trendwould not be

to the large centralized computer.

The Convair-recommended flight control implementation

departs significantly from that employed in present day

commercial transports in that it is completely fly-by-wire

with no mechanical backup. There are many factors which

affected the decision to recommend the electro-hydraulic

flight control system. Extensive company studies were

conducted in support of the Advanced Manned Strategic Air-

craft (AMSA) program. During the AMSA Task 14C,a fly-by-

wire system was designed for the AMSA aircraft (forerunner

of the B-l). A quad electronic voter was designed, built

and tested. Results of this program may be obtained from

Reference 9-13. Much work has been done in the area of

fly-by-wire systems, and flight demonstration programs are

currently in progress. Fly-by-wlre is not a new or radical

concept. The A3J (now RA-5) of the 1950s had a fly-by-wire

flight control system with manual backup. The spoiler

control system incorporated in the F-ill is completely
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fly-by-wire. Another factor which influenced the decision

to recommend the fly-by-wire approach is the high reliability

requirements of some of the desirable active control system

features. The reliability of the static stability augmen-

tation feature for instance must equal that of the primary

flight controls. Since the electrical reliability must be

provided, it seems logical to utilize the same equipment

for the primary flight controls.

9.5.2.2 Longitudinal Flight Control System

Primary pitch control is achieved by controlling the

horizontal stabilizer. Fore and aft control column position

is sensed by redundant electrical transducers. The outputs

of these transducers are voted and transmitted to the three

digital flight control computers. In a similar manner the

computers receive signals from the redundant pitch rate,

angle-of-attack, normal acceleration, and air data sensors.

Coummnd and stability augmentation coummnds are computed

and transmitted to the two dual tandem hydraulic horizontal

stabilizer actuators. Performance and failure monitoring

is accomplished within the flight control computers. The

horizontal stabilizer actuators are supplied from four

hydraulic .systems and are sized such that i00 percent of

design hinge moment is available after loss of one hydraulic

system. Adequate control power is available after loss of

two systems to control the aircraft and land safely.

Direct Lift Control (DLC) is provided when the flaps

are extended to the landing position and power is retarded

to approach power. The two mld-span spoilers on each wing

are biased to the 10-degree position and then modulated

symmetrically by control-column position. The DLC spoilers

are retracted near stall angle of attack to provide addi-

tional stall margin.

Maneuver Load Control (MLC) is accomplished by

syn_netrical deflection of the tip spoilers. MLC spoiler

commands are computed in the flight control_omputers from

normal acceleration and air data inputs. The MLC computa-

tion is such that commands are supplied to the spoilers

only above 1.5-g normal acceleration. When the spoilers

are employed in a MLC or DLC role_ a spoiler/stabilizer

interconnect provides compensation for spoiler pitching

moment.
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9.5.2.3 Lateral Flight Control System

Lateral control is achieved by controlling two large

spoilers on each wing and an all-speed, mid-span aileron.

Control-wheel rotation is sensed by redundant electrical

sensors and transmitted to the flight control computers.

Surface commands are computed and transmitted to the

electrical-input control-surface actuators. Each lateral

control surface is powered by a dual tandem hydraulic

actuator. Four hydraulic systems are employed such that

at least two control surfaces on each wing are available

for lateral control after loss of two hydraulic systems.

9.5.2.4 Directional Flight Control System

Two large rudders located on the trailing edge of the

vertical fin are used for directional control and stability

augmentation. Rudder pedal position is sensed by redundant

electrical transducers and transmitted to the flight control

computers. The computers also receive signals from redun-

dant yaw rate, angle-of-attack, and aileron-position sensors

for computation of stability augmentation and automatic

turn coordination commands. Total rudder commands are

transmitted to the upper and lower rudder surface actuators.

Each rudder is powered by a dual tandem hydraulic actuator.

Four hydraulic systems are utilized to insure that adequate

directional control is available for landing after loss of

two systems.

9.5.2.5 Active Flutter Suppression

Active flutter suppression is accomplished by modulating

a small, outboard, trailing-edge surface and a small flutter-

suppression surface located forward and outboard of the wing

tip. The location of these surfaces as well as other

control surfaces referred to in this section are shown in

Figure 9.5-1. Linear accelerometers and angular rate gyros

are located in the tip section of the wing to provide the

feedback signals for the active flutter-suppression system.

The sensor signals are transmitted to-_he flight control

computers, where the flutter suppression surface commands

are generated. These commands are transmitted back to the

wing tip section where they are used to drive the flutter-

suppression system actuators.
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9.5.2.6 Equipment Location and Data Transmission

The general location of flight control electrical

equipment is shown in Figure 9.5-2. The flight control

computers are located in the forward avionics bay. Multi-

plexing techniques are utilized throughout for transmission

of flight control signals. This concept is a logical

complement to any digital flight control system. It makes

possible the time sharing of certain equipment such as

voters, allows more accurate failure isolation, and provides

growth potential for additional signals. In a hybrid system

such as the one proposed, the multiplex encoder performs the

function which would otherwise be performed by an analog/

digital converter. Multiplexing can also be a weight saver

in large aircraft because many signals may be transmitted

over a single, shielded, twisted pair rather than over long

runs of many-cabled harnesses.

Multiplex transmitter/receiver units are located in

the forward avionics bay, central fuselage area, inboard

and outboard sections of each wing, and the aft fuselage

area. The inputs and outputs of these units are indicated

in Figure 9.5-2.

9.5.3 Redundancy and Monitoring

The primary flight control and essential augmentation

functions are operational after a second similar failure.

It is expected that this level of redundancy will be required

to insure safety even considering expected improvements in

reliability in the next several years. To insure no

degradation after two electrical failures, those units and

components which require branch-comparison-type monitors

must employ quad redundancy. These include control posi-

tion sensors, rate gyros, accelerometers. The flight

control computers, which can be programmed for self-test,

can provide two-fail-operational performance with only three

units. Changing the level of redundancy poses no problem.

A typical quad-to-trlplex conversion scheme is shown in

Figure 9.5-3. Non-critical flight control functions, such

as autopilot, are single-fail operational.

All performance assessment will be accomplished in the

flight control computers. Failure monitoring will also be

performed in the computers except for the sensors which are

monitored by the branch comparison method. Indications of

flight control system status will be provided to the pilot.
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Hydraulic redundancy has been discussed in the previous

section (Section 9.5.2) and will not be reiterated except to

note that the aircraft can be safely controlled and landed

after loss of any =wo systems.

9.6 AVIONICS

9.6.1 Avionics Systems

The development of avionics systems for commercial

aircraft is continuously undergoing an evolutionary trend

toward automated operation and modularized design. Many

functions have been incorporated into these systems, and for

the 1975-1985 ATT time span it is anticipated that a fully

integrated avionics system concept will be employed. The

ATT avionics study has been oriented toward defining the

functions which will likely be employed and examining equip-

ment developmental status and availability for accomplishing

these functions.

Emphasis was on defining and examining the functions

required to provide the ATT aircraft with the following

features and operational capabilities:

I. The ability to negotiate the growing congested

terminal areas in adverse weather conditions

while retaining the benefits realized from the

advanced technology aerodynamic improvements.

. Navigational and guidance capabilities for

precise world-wide operation.

m Flight management capability coupled with

displays to enable the crew to better manage

the total aircraft operation.

4. Onboard data recording and equipment monitoring

capability for improved maintenance management.

During the study, a letter of inquiry was sent to a

broad spectrum of avionic equipment manufacturers for the

purpose of obtaining an industry-wide equipment availability

and status evaluation. The results of this survey and a

comprehensive literature survey together with related
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Convair Aerospace Division avionics system experience were

utilized to describe the avionics functions envisioned for

the ATT aircraft and arrive at a possible avionic equipment

configuration layout.

9.6.1.1 General Avionics Functional Description

The major functions envisioned for incorporation into

the ATT avionics system are summarized in Table 9.6-1.

Terminal-area operation represents the most critical opera-

tional phase for commercial aircraft in the present-day

operating environment. For the ATT aircraft, terminal-area

operation becomes especially critical since the anticipated

increase in aircraft operatin_ performance speed could be

entirely negated by the inability to efficiently negotiate

terminal-area traffic patterns and land in adverse weather

conditions. The capability to perform four-dimensional area

navigation and Category Ill(a) and Ill(b) all-weather auto-

marie landing are functions which are believed to be necessary

for inclusion in the ATT avionics system. Four-dimensional

navigation techniques will enable the aircraft to utilize

preprogrammed curved-path approaches and computed arrival

touchdown times to enable air traffic controllers to

optimally slot aircraft precisely into a landing pattern

in spite of approach speed variations. The in-development

mlcrowave-scanning-beam approach and landing aid will be

utilized to control the aircraft during final approach and

landing. The avionics system operating in conjunction with

the new microwave-scanning-beam system and properly inter-

faced with the aircraft flight control system and auto-

throttle will accomplish Category III landings and grossly

decrease the need for go-around in adverse weather conditions.

Enroute navigation with associated guidance (steering)

functions can be accomplished by defining two options for

the ATT aircraft, depending on the planned operational area.

For domestic stateside operation, VOR/DME information

optimally combined with airspeed can adequately satisfy the

enroute navigation requirements and orient the aircraft

properly in the terminal approach pattern. Additional

improvements in positional accuracy are expected by DME

triangulation techniques currently being developed. Inter-

continental flights will likely employ duplicate or tripli-

cate inertial navigation systems to provide self-contained

navigational data in overwater and primitive land-based

nav-aid areas. Integrating these inertial systems with the

world-wide Omega system planned for completion in 1974 would
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provide the ATT with navigational capability to operate in

much narrower airlanes than the present 160-n.mi-wide

Atlantic corridor. This type of Omega/inertial system will

have a continuously bounded positional accuracy of less

than 2 n.mi (3.7 km).

Flight management deals with inflight-initiated pro-

cedural conduct of the flight crew with airplane systems

controland its bearing on the resultant flight path and

operating envelope relative to established safe and efficient

practices. Heretofore, most of the disciplines associated

with flight management have been performed manually by air-

craft pilot or crew or, at best, by isolated system aids.

The ATT flight management system would integrate these

functions into an orderly system of automatic computer

solutions and displays, thus unburdening the flight crew

to make timely decisions required for optimum mission

accomplishment. The primary flight management activities

address themselves to (i) assurance that the airplane systems

are, at all times, operated within existing "safety-of-

flight" limitations and (2) the efficient use of onboard

fuel reserves through the optimum employment of the advanced

aerodynamic design features. In an advanced-design airplane

such as the ATT whose inherent versatility involves wide

variations in speed and altitude, much of the work load

associated with flight management would be relegated to

special-purpose digital-computer computations.

Incorporating onboard data recording and monitoring

equipment into the ATT aircraft will provide the user air-

line with the capability to obtain expanded flight data to

support long-term trend analysis for improved maintenance

management, identify and catalog inflight system performance

and failures to expedite service by ground maintenance crews,

and generate historical data files on aircraft crew per-

formance. The onboard digital computer in conjunction with

appropriate system monitor sensors and data recorders com-

prises the recognized tool for maintenance data monitoring

and manipulation. The onboard data system would be designed

to provide a building-block capability that can be structured

to meet the data recording and processing needs of the air-

line purchaser. The two cost-savings areas which are presently

utilizing onboard data monitQring and recording are engine-

trend analysis and aircraft crew performance. It is antici-

pated that the engine analysis will eventually change the

engine maintenance concept from scheduled to on-condition

maintenance and prevent catastrophic failures. Aircraft
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crew performance data will provide the airline training

department with up-to-date information on crew pro-

ficiency such that training can be concentrated in areas

where it is most needed. Data monitoring and recording

hardware will also include acquisition and signal condi-

tioning systems for detection and recording of mechanical,

pneumatic, hydraulic, electrical, and electronics systems

malfunction and degradation.

9.6.1.2 Advanced Area Navigation

The crowded conditions in the current air-traffic

routes have produced a crisis in the free-world air trans-

portation system. Commercial aviation activity is expected

to at least double by 1980; thus the present crisis will

likely become more acute if positive action is not completed

to better control, schedule, and increase termlnal-area

traffic. Primary improvements to alleviate the situation

are expected to come from improvements in the ground-based

Air Traffic Control System as described in the Report of

Department of Transportation Air Traffic Control Advisory

Committee, December 1969. However, it is believed by

Convair that implementation of advanced area navigation

equipment onboard the aircraft could favorably complement

and simplify the ground-based ATC equipment requirements.

Area navigation systems have been successfully designed and

tested which utilize either VOR/DME or inertial navigation

data to provide four principal operational features. These

features are: (I) direct flight from departure to desti-

nation, (2) terminal area operation along multiple prescribed

flight paths, (3) instrument approaches down to certain

minimums at airports with no landing aids, and (4) vertical

guidance capability. These systems also provide for re-

ductlons in the co_,nunications work load of both the air

traffic controller and the aircraft pilot,since the system

can provide continuous positional data to the aircraft crew

and enable the ground-based radar controllers to monitor

rather than direct flight approaches.

Present operational area-navlgation systems suffer from

inaccuracies in the basic data being employed to generate

the aircraft guidance slgnals. These inaccuracies prevent

the aircraft from being operated within an accurately

defined airspace without the assistance of the ground-based

air traffic controller. New methods of utilizing and

processing the available data promise to significantly

improve the accuracy of the aircraft navigation data. Two
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methods of providing this upgraded accuracy are currently

in development and should be available for ATT application.

For aircraft which do not have inertial equipment onboard

(i.e., those employed in domestic stateside operations),

advanced statistical filtering methods are being developed

for combining VOR/DME data, airspeed,and magnetic heading

to yield accurate navigational information. A variation

of this approach is to employ a continuous triangulation

computation using only DME data to provide the navigation

data. In DME coverage areas which have at least two-sta-

tion coverage, the resulting positional error from this

approach is estimated to be less than 500 ft (151 m).

Aircraft which have inertial equipment can also use VOR/DME

and DME triangulation data to optimally update all naviga-

tion system parameters and provide bounded position accuracy.

Associated with achieving improved accuracy in the

navigation system is the development of guidance techniques

for precisely controlling the positioning and timing of the

aircraft. These techniques have been referred to as "Four-

Dimensional Guidance" and involve the integration of the

aircraft navigation system withautomatic flight controls

and automatic throttle control. Four-dimensional guidance

techniques automatically provide three-dimensional aircraft

spatial position at particular times along a specified

flight path. By employing the four-dimensional guidance

system in commercial aircraft, precise pre-programmed

terminal approaches could be accurately achieved, thus

facilitating tight aircraft scheduling and use of flight

paths least disturbing to the residents below. Systems

which utilize inertial systems aided by DME/DME data can

be expected to achieve the desired two-mile (3.7 km) air-

=raft spacing and five-second one-sigma timing error at

the final terminal approach gate.

The results of previous FAA area navigation evaluation

programs have shown the feasibility of utilizing DME/DME-

aided inertial systems for the primary data reference.

These studies also revealed the need f6r development of

procedures and display of navigation information in the

terminal area. Moving map displays are being developed

and utilized for this purpose; however, it is anticipated

that additional display developments will be needed to fully

utilize the potential of the four-dimensional guidance con-

cept and handle the all-weather landing system requirements.
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9.6.1.3 Automatic Landin_ System

Recent activity in the development of automated landing

systems and landing aids will most likely make all-weather

automatic landing systems a reality on the ATT aircraft.

Aircraft systems are presently undergoing tests which are

designed to accomplish Category IliA minlmumweather opera-

tions, utilizing the currently employed ILS equipment. A

scannlng-beam microwave landing system to replace the

present ILS system is currently in the Contract Definition

phase. This system design is to be based on the recommenda-

tions of RTCA Special Co=_ittee 117. This system will be

designed to facilitate full-scale, all-weather automatic

landings and multiple closely-spaced runway operations.

The development of this microwave system must be closely

followed by the ATT avionic and flight control system

designers to enable incorporation of all-weather Category

IliA and B automatic landing capability into production

aircraft.

Another more sophisticated approach to the automatic

landlng design problem is to employ an inertial system to

generate aircraft attitude, velocity, and position informa-

tion for use in generating guidance signals to the auto-

matic fllght control system. Ground-based terminal navi-

gation system signals (ILS, microwave, etc.) would be

combined with the inertial system parameters via optimal

filtering techniques to improve and bound the inherent

drift and to bias inertial system errors. The basic objective

of the system would be to cause the aircraft to precisely

follow a preprograu=ned reference flight path to touchdown.

This concept has been discussed extensively by the M.I.T.

Instrumentation Laboratory and is diagrammed in Figure

9.6-1. The desirability of employing this type of landing

system stems from the signal characteristics of the inertial

and ILS systems. Inertial signals are characterized by low

noise levels at high frequencies and are very accurate for

short periods of time. However, gyro drift error creates

errors in the inertial system outputs which _enerally

increase in amplitude with time. ILS system signals, in

general, provide reliable, accurate position signals; how-

ever, these signals are corrupted by hlgh-frequency noise.

Combining the inertial system and ILS signals provides an

overall integrated sensor signal which combines the accurate

low-frequency ILS signals with the wide noise-free dynamic

range of the inertial signals. Resultant improvements in

the vertica_and lateral-position flight control systems
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provide a landing system that is able to successfully

perform over a much broader range of atmospheric turbulence

and windshear than is possible with the conventional open-

loop ILS or microwave landing systems.

The integrated inertlal/ILS landlng-system approach

should be incorporated into the ATT avionics system for the

aircraft which will be employed for transoceanic operations.

As discussed in the previous section, these systems will

likely incorporate a statistical estimation technique such

as Kalman filtering to combine Omega, VOR/DME, and/or DME/

DME information with inertial data during the entire flight.

This updating process will make it possible to accurately

position the aircraft in the tennlnal control area and allow

a smooth transition from area navigation to ILS beam capture

and initiation of the automatic landing phase. This type

of system implementation would alleviate the problems

presently encountered during this transition period and

tremendously aid the ground controller in scheduling traffic

in crowded airspaces.

9.6.1.4 Flight Management System and Displays

With the employment of extensively automated avionics _

systems on the ATT alrcraft, It will be imperative that

comprehensive flight management functions and appropriate

displays be included in the system. This flight management

system will decrease the crew work load and provide efficient

methods of manually entering inputs to edit the system's

operation and instigate changes of operational modes.

Numerous functions can be incorporated into a flight manage-

ment system and should be planned during the early design

stages of the aircraft's overall systems definition. Typi-

cal functions which can be included in a flight management

system are: (I) fuel/energy management coupled with route

optimization, (2) performance monitoring on landing and

takeoff, and (3) automatic flight plan execution from

takeoff to landing.

The primary purpose of the fuel/energy management

function is to provide the crew with a realistic and current

estimate of mission constraints imposed by fuel reserve

limitations. These constraints are affected by both air-

craft configuration and flight conditions such as Mach

number, flight altitude, winds, etc. Specific definition

of the operational characteristics of the ATT aircraft will

be determined during the development phase of the design.
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With these characteristics, fuel/energy management computa-

tions can be made to estimate fuel range and fuel time

remaining based on current flight conditions or based on

optimum flight conditions which are determined by the

flight management system and constrained by ATC requirements.

Continuous fuel monitoring will be accomplished on all

flights to assure the safe arrival of the aircraft at its

destination and that adequate reserves are available for

alternate destinations. The system would include the cap-

ability to perform computations to assist the crew in

evaluation of the range and fuel consumption effects of

crew or ground-controller selected flight parameter changes.

The performance monitoring function would be included

in the flight management system to assess the total state

of the aircraft and its systems primarily during the take-

off, automatic landing, and other critical phases of opera-

tion. The performance monitor will assist the pilot in

making decisions during these operations and would be

designed to substantially reduce risk without imposing

unacceptable economic penalties in the number of aborted

landings and takeoffs. Performance criteria would be

developed in the design of the monitor. During operation,

the monitor would use onboard Observables to compute values

for these performance criteria and employ these values to

formulate a performance assessment of aircraft controll-

ability, status of the takeoff or landing, and the degree

of safety to which the operation is being accomplished. The

performance monitor function is specifically related to

assuring the safety of the automatic operations which are

envisioned for the ATT aircraft systems.

Another function which could be incorporated into the

ATT flight management system is the ability to automatically

execute the preprogrammed flight plan from takeoff to

landing. Storage units associated with the computer complex

will have the ability to provide on-board bulk storage of

all navigation information required foxtheroute structure

of a given airline. Using this information, appropriately

modified by the pilot to reflect particular flight condi-

tions and restrictions, the flight management system would

automatically optimize and execute the flight plan unless

interrupted by the pilot.

G
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Implementation of the above flight management function

requires that a control and display unit be specifically

designed to give the pilot a concise, clear picture

of overall system and aircraft performance. As described

in R_erence 9-14, much development and design work has been

accomplished on this type of display. Current versions of

these types of control and display units employ a CRT to

provide a flexible display of numerals, letters, and symbols.

By time-sharing the labeling of a few pushbuttons and using

a single key set for all manual entries, an integrated unit

can be achieved in a minimum of panel area. The design

philosophy in developing the display system is to create

a compatible interface between a highly automated avionics

system and the pilot's manual intervention and monitoring

of these processes. A paging index concept is utilized to

display the information to the pilot. These callable pages

contain flight plan data such as designated airways, way-

points, and latitude/longitude for various flight segments,

assigned altitude, etc. Other types of information planned

for the paging system include flight progress data giving

the current flight leg waypoints, estimated time of arrival,

fuel reserves for present and alternate flight plans, navi-

gation sensors presently in use, and data pertaining to

flight plan revisions.

9.6.1.5 Onboard Data Recording and Monitoring System

Data recording and computerized airborne integrated

data systems (AIDS) have been designed and are currently

being utilized on the B747, DC-10, and L-1011 aircraft.

These systems make it possible to selectively keep a running

record of aircraft performance throughout the flight regime.

This record provides the airlines with a computerized data

file for long-term trend analysis to facilitate system

failure predictions and also provide historical data files

on aircraft crew performance. Many varied designs and

applications for AIDS system exists since the user airlines

usually structure their system requirements around fleet

size, maintenance concepts, route structures,-and ground-

based computer capabilities. Basic AIDS systems are

designed to provide interface wiring and space provisions

per ARINC 563 to facilitate future expansion as required by

the airline customer.

The AIDS is usually configured to monitor propulsion,

avionics, and airframe system parameters. The two cost

saving areas which are presently being extensively studied
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( for full-scale usage of AIDS data are engine analysis and

aircraft crew performance. Engine analysis, as described

in Reference 9-15, falls within three categories: (I) limit

evaluation, (2) trend analysis, and (3) thermodynamic model

analysis. Limit evaluations compare engine performance

data values with predetermined limits. When these limits

are exceeded, the indication is that the component involved

has deteriorated and should be repaired or replaced. The

trend analysis objective is the prediction of the future

wear and failure behavior of specific system components

such that a near real-time status record of equipments can

be maintained. The thermodynamic model analysis uses

current and past engine data to compute thermodynamic

efficiencies, nozzle area coefficients, and combustor-

hardware pressure loss coefficients to hopefully ascertain

a direct measurement of engine health.

Crew performance analysis consists of evaluation of

flight parameters recorded by AIDS to determine adherence

or departure from established procedures by the crew. A

typical crew proficiency program would divide the flight

into segments to permit analysis of the important phases

of the flight (i.e., approach and landing) with editing of

less critical flight phases. This crew performance data

provide the airline training departments with up-to-date

information on their crews such that crew training can be

concentrated in areas where it is most needed. Optional

AIDS hardware includes data acquisition and signal con-

ditioning systems for detection and recording of mechanical,

pneumatic, and hydraulic system malfunction and degradation.

9.6.1.6 Equipment Implementation and Availability

During the ATT avionics study, a large number of

avionics equipment manufacturers were contacted for the

purpose of obtaining a commercial equipment availability

and developmental status evaluation. The results of this

survey were used to formulate configurations of equipments

which could be utilized for implementing the ATT avionic

system functions. These equipment configurations have been

grouped into the following categories:

Io Standard Equipment - Includes basic communica-

tions, radio navigation, and other equipments

to be installed on all aircraft.
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II. Self-Contained Navigation Equipment - Includes

area navigation capability for both Continental

U.S. and International operations.

III. Data Acquisition System " Includes capability

for inflight data recording and acquisition.

IV. Microwave Landing System - Provides accurate

groundbased reference signals to accomplish

Category Ill(a) and Ill(b) automatic landings.

Equipments in each of these groups are given in Tables

9.6-2 through 9.6-5 together with physical data, candidate

system identification, and developmental status. As denoted

in the tables, equipment is available for accomplishing most

of the avionics functions envisioned for the ATT aircraft.

The major exceptions are the groundbased microwave landing

system required to provide accurate and reliable reference

slgnals for accomplishing all-weather automatic landings

and the onboard collision avoidance system. However,

equipment for both these systems is in the development

stage at this time and should be available for use in

conjunction with the ATT aircraft.

The concept which is employed to integrate these various

sensor, display, and control systems appears to be the major

area of required technologlcal development with regard to

implementing the ATT avionics system. Recent developments

in the design of the multiprocessor digital computers should

be explored for potential application in integrating the

ATT avionics system. Although complex, the multiprocessor

computer will process features such as automatic fault

diagnosis and correction to achieve high reliabilities and

fail-soft capabilities. It is believed as the avionics,

flight controls, and onboard data processing become more

digitally oriented and automated, the use of the multi-

processor computer to accomplish all computations onboard

the aircraft will become attractive from both design and

economical considerations.
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Table 9.6-2

ATT AVIONICS LIST

(STANDARD)

Functional Item

per Shipset

Physical
Data

Candidate

Systems
Status

(2) VHF Communication
Transmitter/

Receivers

720/1440 Channels

28 Volt

20 ib (9.1 kg)

1/2 ATR

Short ea.

Collins 681M-2D

Bendix RTA-42

King KTR 9100

In

Current

Quantity
Production

(2) VHF VOR/LOC/ILS

Navigation

Receivers

200 Channels

28 Volt Collins 51RV-2B

20 Ib (9.1 kg) Bendix RNA-26C
1/2 ATR RCA AVN-210

Short ea.

(2) UHF DME

Navigation
Receivers

200 Channels

28 Volt Collins 860E-3

15 Ib (6.8 kg) King KDM 7000

1/2 ATR RCA AVQ-85

Short ea.

(2) UHF L Band

ATC Transponders
4096 Codes

115 Volt Collins 621A-6

15 ib (6.8 kg) King KXP750A
3/8 ATR Wilcox 1014A

Short ea.

(2) LF ADF
Receivers

(Non Directional

Beacons)

28 Volt Bendix DFA-73

20 ib (9.1 kg) King KDF 8000

Collins DF 206

(2) UHF Radar

(Radio)
Altimeters

(2) VHF Marker

28 Volt

18 Ib (8.2 kg)

I/2 ATR

Short ea.

28 Volt

1/4 ATR

Short ea.

Litton Ind. 506

Bendix ALA-51

Collins AL-101

Bendix MKA-28C

Collins 5126

(I) Weather Radar

System

(i) Collision Avoid-

ance System

i ATR plus Bendix

Dual Cockpit RCA

Display
Indicators

14x6.25x6.25 in.

(34.6x15.9xlS.9 cm)
495VA at

115 VAC

(400 cps)-
27 W. at 27.5 VDC;

108 lb (49 kg)

Unknown McDonnell

Douglas

(Tentative)

In flight test-

subject to

selected system
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Table 9.6-3

ATT AVIONICS LIST

(SELF-CONTAINED NAVIGATION EQUIPMENT)

Functional Item

per Shipset

Physical Candidate

Data Systems
Status

Continental U.S. Operations

(2) Navigation (Area)

Digital Computer

Units

(2) Flight Data

Storage Units

(2) Flight Data

Display Unit

(2) Navigation

Interface Unit

(Coupler)

115 VAC,

355 W.

50 lb (22.6k_

i ATR Long

eL.

115 VAC,

22 W.

5 lb (2.3 kg)

5.75x4.09x6.5 in.

(14.8x10.4x16.5 cm)

115 VAC, Collins 813H-I

115 W. Delco

20.5 ib (9.3kg)

5.75x7.Sx16 in.

(14.8x19.0x40.6 cm)

115 VAC, Collins 599V-2

165 W. Delco

14.5 lb (6.6kg)
1/2 ATR

Long

Collins C-8564-i

Delco Magic 362

Collins 8847A-1

Delco

International and Remote Area Operations

(3) Inertial Control 115 VAC Collins 5140-7

Units 4.5 ib (2.0kg) Delco

5.75x3.38x5 in. Litton _

(14.gxg.6x12.7 cm)

(3) Inertial Naviga-

tion Units

115 VAC, Kearfott 345E-I

251 W. Litton LTN-58

41 Ib (18.6kg) Delco C-IV

i ATRLong

(3) Battery Units ..m

20 ib (9.1kg)

ATR Short

Kearfott 652U-I

Litton

Delco
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Table 9.6-4

ATT AVIONICS LIST
(DATA ACQUISITION SYSTEM)

Functional Item Physical Candidate Status
per Shipset Data Systems

(I) Flight Data
Entry Panel

(i) Flight Data
Acquisition
Unit

(i) Digital Flight
Data Recorder

(i) Digital

Management

Unit

(I) Cockpit Voice

Recorder

(i) Crash'Recorder

5 Watts Garrett/

3 ib (1,4 kg) AiResearch
9x6x6 in.

(22.9x15.2x15.2 cm)

115 VAC

43 Watts

18 ib (8.2kg)

1/2 ATR

Garrett/

AiResearch

115 VAC

40 Watts-

20 ib (9.1kg)

1/2 ATR

Sundstrand Data

Control, Inc.

115 VAC

30 Watts

17 ib (7.7kg)

1/2 ATR

Garrett/

AiResearch

115 Volts

42 Watts

24 Ib (10.9 kg)

1/2 ATR

Sundstrand Data

Control, Inc.

30 Watts

15 Ib (6.8kg)

1/4 ATR

Sundstrand Data

Control, Inc.

In

Current

Quantity

Production
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Table 9.6-5

ATT AVIONICS LIST

(MICROWAVE LANDING SYSTEM)

Functional Item Physical

per Shipset Data Development Status

(2) Transmitter-

Receiver-

Decoder

(2) Control &

Display Unit

(2) Antenna

C-Band

(2) Antenna

Ku-Band

80 Watts

20 ib (9.1 kg)
7x5x24 in.

(17.8x12.7x61 cm)

I0 Watts I.

4 ib (I.8 kg)
6xSx6 in.

(15.2x12.7x15.2 cm) 2.

5 Watts

2 Ib (0.9 kg)

3x3x4 in.

(7.6x7.6x10.1 cm)

Phase I Contract Definition

Technical Approach Contracts

have been made to the

following companies:

Cutler-Hammer, Inc.

AIL Division

Bendix Communication

Division

3. Texas Instruments, Inc.

4. Hazeltine Corporation

5. Raytheon Company

6. ITT Gilfillan.

These contracts are spon-

sored by the Department of

Transportation, FAA

5 Watts

2 Ib (0.9 kg)

3x3x4 in.

(7.6xT.6xlO.l cm)

J
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9.6.2 Avionics Installation

9.6.2.1 General

The avionics installation configuration for the ATT

shown in Figure 9.6-2 is typical of each of the aircraft

presented in th&s study. Therefore, the following discussion

is con_non to any single configuration. As subsequently

shown, the antenna arrangement, the external lighting

arrangement, and wiring-harness routing provisions are

also common to any configuration.

The foremost objective in the area of avionics

installation during this study has been to ensure that the

configuration included herein is compatible with current and

projected airline practices. In order to become thoroughly

familiar with requirements and problems pertaining to this

objective, engineering design personnel observed a number

of in-service airliners at Love Field, Dallas, Texas,

during high activity gate turnaround time. Airline per-

sonnel, including flight line mechanics, avionics maintenance

shop employees, and flight engineers, were personally inter-

viewed for their comments and recon_nendations pertaining to

installations in future aircraft.

Flight line gate maintenance is recognized as a most

formidable task, considering that one man has the assigned

responsibility for servicing all avionics and electrical

equipment requiring attention during turnaround time.

During the normal 30-mlnute scheduled stop, less than 20

minutes is available for a flight line mechanic to accom-

plish his work. On occasion, this task includes the

diagnosis of an equipment problem and the removal and

replacement of a faulty line replaceable unit (LRU) or

multiple LRU's.

The designs of numerous commercial aircraft (DC-8,

DC-9, DC-10, B707, B727, B747), as well as actual aircraft

observed, were studied in order to assess their avionic

and electrical requirements. These data, correlated with

ATT variations, served as a guide for the ATT configuration.

9.6.2.2 Installation Design

Convenient access to the avionics for maintenance and

unit replacement is considered a mandatory requirement and

is a feature of the installation arrangement presented in
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this study. Growth capability in terms of additional space

is also included in the generous size of the dedicated

avionics compartment. Future modifications and additions

can be more easily accomplished as a result of the type of

design provisions included for equipment racks.

Layout drawings were prepared and evaluated in order

to establish installation concepts for avionic and electri-

cal equlpment_ antennas, exterior lights, and routing

provisions. Since specific sizes and shapes have not been

assigned for all system components, the layouts are general

in nature but are representative of real requirements.

Data generated on the layouts are reflected into the air-

craft configuration design and assure proper space alloca-

tion for the various alrcrift systems.

The major portion of the avionics equipment is located

in a single pressurized avionics bay below the crew compart-

ment. A qulck-openlng access door is provided in the lower

skin of the aircraft. Another hinged access door is pro-

vided in the lower skin of the aircraft. Another hinged

access door is provided in the floor of the crew compartment.

The equipment LRUs will be Installed in racks which provide

generous growth space and wiring accessibility. Maximum

use will be made of rear mounted rack and panel connectors

to expedite LRU replacement.

9.6.2.3 Antennas

The ATTantenna configuration will make maximum use of

the off-the-shelf designs, when possible, which are compatible

with functional and aerodynamic considerations. Antennas

will generally be replaceable from outslde the aircraf_ and

appropriate means for disconnecting transmission lines will

be incorporated into the installation design.

Each ATT antenna location was selected to provide the

proper field-of-view to optimize the intended function of

the associated equipment. An example is th_colllsion

avoidance antennas, which are located to optimize forward

coverage, where a collislon situation is most likely to

occur, but which will still provide omnidirectional coverage

to detect all collision situations. Figure 9.6-2 shows the

various antenna locations. Table 9.6-6 lists the antennas

by equipment function and gives the coverage of each.

Standard "off-the-shel_' antennas can be used throughout,

with the possible exception of the VOR antenna. The VOR
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Table 9.6-6

ATT ANTENNA COVERAGE

Antenna Location Coverage

Glide Slope

Collision Avoidance

VHF

ADF

ATC

DME

Marker Beacon

Radar Altimeter

VOR

Nose Radome

Top & Bottom

Forward Fuselage

Top & Bottom

Fuselage

Bottom Fuselage

Bottom Fuselage

Bottom Fuselage

Bottom Fuselage

Bottom Fuselage

Both Sides of

Vertical Stab.

Forward Hemisphere

Omnidirectional,

Optimized Forward

Coverage

Omnidirectional

Above and Below

Horizon

Omnidirectional,

Optimized for

Lower Hemisphere

Omnidirectional

Omnidirectional

Lower Hemisphere

Down + 45 ° Cone

Omnidirectional

Horizon Coverage
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antenna may, however, be an existing design with a slight

modification to fit the aircraft contour.

9.6.2.4 Lighting

The exterior lighting system will be designed in

accordance with FAA specifications for Commercial Transports.

Installations will be governed by the high degree of main-

tainability desired. Sufficient slack in wiring harnesses

will be provided at light positions to facilitate servicing

and repair. Lights and wiring in areas subject to environ-

mental exposure will be suitably protected against dirt,

oil, corrosion, etc.

The magnltude of the aircraft lighting requirements

(both internal and external) for airline service make

reliability and maintainability a prime concern to main-

tenance personnel. Installation of such devices as ballasts

will be designed to be readily replaceable. Wherever possi-

ble, connectors will be incorporated into the design to

avoid the time-consuming operation of disconnecting several

individual wires and also to prevent the possibility of

incorrect reconnections.

To reduce spare-part requirements, components per-

forming the same function will, where possible, be packaged

into a common LRU. When left-hand and right-hand installa-

tions are required, common items will be configured to be

interchangeable. A minimum number of different types of

lights will be used, particularly small lights in localized

areas. Use of this approach will be of benefit in such areas

as the instrument panels, where delays can occur in bulb

replacement when an identifying number is indistinguishable.

Particular emphasis will be placed on component labeling to

assure individual identification and also to identify the

related units they affect or control.

9.6.2.5 Wiring and Routin_

Wiring requirements set forth by the FAA and ARINC

(References 9-16, -17, and -18) have been evaluated and

followed in establishing the wiring and routing concepts

for the ATT. Incorporation of standardized practices in

this design area will assure maximum flexibility in selecting

future avionic systems and vendors. Information taken from

an AFFDL report (Reference 9-19) was utilized for guidance

in formulating the routing concept depicted in Figure 9.6-2.
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The table shown on the drawing represents the approximate

routing distances between the various aircraft equipment

areas and unit locations.

Emphasis will be given to the critical wiring require-

ments peculiar to the flight control system. Multiple

routing paths for redundant functions will be provided with

appropriate separation of one from the other and from the

routing provisions for other systems. Suitable protection

will also be provided through use of conduit, barriers,

etc. in areas susceptible to possible damage. Special

consideration will be given to using wiring troughs that

will enable the spreading of wires to simplify the task of

identification and tracing.

The primary means of access to the routing paths will

be restricted to areas within the aircraft. Use of this

approach not only avoids undesirable access penetrations in

the graphite composite skins of the aircraft but also

expedites maintenance through eliminating the need for work

stands required in many areas for external access. Another

inherent advantage of internal access that facilitates

servicing is the nature of aircraft structure, which permits

inside panels to be more easily removed than the more highly

stressed outside skin panels.

f

\
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SECTION i0

PROPULS ION SYSTEM DESCRIPTION

The Pratt &Whitney STF-429 engine was selected for

point design evaluation studies basically because of better

data availability than for the General Electric ATT No. i

engine. It is a twin-spool, unaugmented turbofan designed

to operate with separate, fixed, primary and fan exhaust

nozzles. The performance data for this engine are based on

a 1975 level of technology, i.e., certification should be

accomplished by 1979. Noise levels for the STF-429 with

acoustic treatment are estimated to be at least i0 EPNdB

less than FAR Part 36 requirements at sideline, takeoff, and

approach conditions. Acoustic treatment required to meet

the minus i0 EPNdB noise level is described in Section 10.3

of this report. Exhaust pollutants will be held within the

statement of work specified values, and are described in

Section 10.5 of this report.

Data were also supplied by Pratt & Whitney for the STF-433

engine, which incorporates more advanced technology such that

the engine should be certifiable by 1985. This engine, with

the same acoustic treatment as employed in the STF-429 engine

design, exhibits noise levels 15 EPNdB less than FAR Part 36

requirements. Its design incorporates advanced levels of

combustor exit temperature (CET).

i0.I PROPULSION INSTALLATION

i0.i.I Nacelle Description

The three STF-429 engines are each mounted in typical

nacelles. One nacelle is pylon-mounted from each wing and

one is mounted in a nacelle structurally integral with the

vertical tail. All of the nacelles are of round cross

section throughout, and no curves or bends are utilized in

any inlet or exhaust ducts.

The nacelles for the .98 design Mach number airplane

differ somewhat from those of the .90 design Mach number

airplane because of the different engine scale required and

because of the different aerodynamic requirements of the

inlet region. The differing aerodynamic requirements are

explained in Section 10.2 of this report and the engine

scale factors are given in Section 10.4. Figure I0.I-I
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shows the features of the .98 design Mach number nacelles,

and Figure 10.1-2 shows the .90 design Mach number nacelles.

Engine buildup is common to all three nacelles.

The air induction system is described in Section 10.2;

the acoustical treatment system, in Section 10.3.

10.1.2 Engine Description

Engine installation drawings were not provided by the

engine study contractors. An outline dimensional tabulation

and appropriate scaling data were provided, however. From

this information, an engine outline was constructed; the

resulting engine outline and engine installation are shown

in Figure I0.i-i.

The engine accessory section location, also shown in

Figure I0.i-i, is appropriate for all of the nacelles. The

engine and aircraft accessories are mounted to separate gear

boxes. The engine gear box is located just to the rear of

the fan exit plane so that the engine accessories are

arranged in a circular arc around the core engine. The air-

craft accessories gear box is located below the core engine,

housed in a strut vane in the fan duct. This system has

space provisions for one 120-kVA alternator and two 60-gpm

(229 l/m) hydraulic pumps.

The whole accessory section is isolated by a firewall

barrier designed to resist 3000°F (1923°K) for 15 minutes

and is ventilated with fan discharge air.

The engine access doors are hinged from the pylon and,

when opened, provide access to the entire accessories section

for inspection, maintenance, or servicing. A complete

description of-engine access and maintenance is given in

Section 16.5, Engine Maintenance.

10.1.3 Engine Starting System

A low-pressure pneumatic starting system using conven-

tional air turbine starters is provided. The engines can be

started from the onboard auxiliary power unit, from external

ground power carts, or through the cross bleed system utiliz-

ing bleed air from an operating engine. A schematic of this

system is presented in Figure 10.1-3.
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i0.2 NACELLE AERODYNAMICS

The basic objective in specifying nacelle lines for the

ATT airplane is to provide nacelle envelopes that will add

minimal drag to the airplane, particularly at the cruise

Mach numbers, and that will provide adequate pressure

recovery at takeoff and cruise. Also, the inlet and fan

discharge ducts must provide enough noise damping to enable

the engine to meet the stringent noise levels specified for

the ATT.

In order to meet these demands, a nacelle with high

critical Math number (having zero, or very low, drag rise

to Math .98) is required. This requires that the inlet be

sized and the nacelle proportioned so that spillage drag is

avoided. A compromise in takeoff pressure recovery results

from sizing the inlets for low spillage at the cruise con-

dition.

10.2.1 Design Approach and Selected Nacelle

Geometry Math .98 Design

The primary design requirement is to keep the nacelle

drag divergence Math number less than the cruise Mach number.

The design cruise Mach number for the high-performance air-

plane is .98. (This cruise Mach number results in a more

difficult design task than the cruise Mach number of .90

selected for the alternate design.) NASA-Langley, as

reported in Reference i0-i, has accomplished a drag diver-

gence Mach number of 1.0 for a nacelle mounted on the aft

portion of an ATT fuselage. In a wing-mounted nacelle

installation for a similar vehicle, a drag rise of about 12

counts is incurred with nacelles which, when isolated from

the airplane, have a drag rise of only 4 counts (Reference

10-2). Further development will undoubtedly reduce the

interference drag of the wing-mounted nacelles. The afore-

mentioned results of transonic nacelle tests by NASA repre-

sent the virtual extent of available data for this type of

nacelle, and so, in selecting nacelle geometry, heavy

reliance was placed on these nacelles and their associated

data.

Because of the fact that, below drag rise, friction

drag comprises 85 to 90 percent of the total nacelle drag,

it is important to keep the wetted area, and hence the

length of the nacelle, to a minimum. On the other hand, to

achieve a high drag divergence Mach number at transonic
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cruise speeds, it is necessary to provide larger nacelle
fineness ratios than are required on conventional subsonic

nacelles in order to avoid high local slopes and velocities

that would tend to create shock formation and drag rise.

The General Dynamics Mach .98 nacelle is shown in

Figure I0.i-I.

Forebody - The General Dynamics nacelle forebody has an

li/d n of 1.0, based on the shortest length of the canted

lip. Total nacelle in/d n is 2.9 for the fan (outer) cowl.

It is felt that these proportions are sufficiently close to

that of the NASA force model nacelles to have similar drag

characteristics.

The nacelle inlet lip is canted at 16 degrees with the

vertical to facilitate area-ruling the nacelle/airplane

combination. The li/d n of the longest portion of the lip is

1.24. The aforementioned nacelle lengths apply to the wing-

mounted nacelles. The li/d n for the longer vertical-tail-

mounted nacelle is 2.33, which is more favorable for critical

Mach number.

The inlet cowl external proportions developed by NACA

during early l-series cowl tests (Reference 10-3) are

marginal for the Mach .90 design cowl, and are not applicable

quantitatively to Mach .98 nacelles. Further development

will be required to avoid drag rise in nacelles cruising at

Mach .98 while operating at a capture-area ratio in the

vicinity of .80 to .85. However, the recent NASA nacelle

tests provide valuable information that may be used to

initiate the design of a transonic nacelle. With these

data as a guide, the inlet diameter ratio of the nacelles

was based on considerations of cruise spillage drag, takeoff

pressure recovery, and nacelle structural thickness.

The diameter of the streamtube of incoming airflow is

computed at maximum cruise power since most operation will

occur near this power setting. Cruise airflow is expected

to be within about 2 percent of maximum cruise airflow.

The operating capture-area ratio, and the amount of airflow

spillage are then determined by inlet size, which is made

as large as possible to benefit pressure recovery without

realizing spillage drag. Figure 10.2-1 shows the effect

of inlet capture-area ratio on takeoff pressure recovery

and spillage drag for the P&W STF-429 engine nacelle.
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It can be seen from Figure 10.2-1 that takeoff pressure

recovery at reasonable values of spillage drag (5 counts

or less for conventional cowls) is quite low (approximately

0.88). The strong effect of a low contraction ratio (I.Ii)

on takeoff pressure recovery produces the low recovery even

though the airflow per unit of throat area results in a

throat Mach number of only 0.63. It is believed that a

pressure recovery of at least 0.90 is required for adequate

engine/inlet compatibility and engine operation. The only

means of improving takeoff pressure recovery without

increasing spillage drag is to augment the inlet flow area

for takeoff and low-speed operation. This can be done by

the use of self-actuating blow-in doors or a translating

cowl lip. A layout study was made to determine how much

auxiliary area could reasonably be added by these methods.

It was concluded that about 28 percent auxiliary flow area

could be added. At present, the use of a translating cowl

is considered preferable to the use of multiple blow-in

doors because of the expected additional noise that may be

generated in the segmented annulus of the blow-in doors.

A design and cost study showed that the translating cowl

should weigh about 33 percent less than the blow-in door

cowl and should require about 15 percent less tooling and

manufacturing cost. The feasibility of the self-actuating

feature of the translating cowl has been demonstrated at

static conditions, but the effect of flight speed on its

operation has not.

In determining the effect of flow per unit area on

pressure recovery, the auxiliary inlet area is simply added

to the throat area of the basic inlet. With 28 percent

auxiliary area, pressure recovery at takeoff is increased

from 0.88 to 0.92, which is still somewhat marginal. If,

during the development of a supercritical cowl, it can be

shown that inlet area can be increased without incurring

spillage drag, then a higher level of takeoff pressure

recovery will be attainable.

Inlet area is 2743 sq in. (1.770 sq m) for the 0.662-

scale P&W STF-429 engine. Inlet size, within the range of

capture-area ratios shown, is not expected to affect inlet

pressure recovery at cruise.

Afterbody - The fan cowl envelops about 86 percent of

the nacelle length, terminating a little distance aft of the

bulge at the maximum diameter of the engine turbine. The

fan cowl extends far enough aft of this bulge to direct the
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fan flow parallel to the external surface of the primary
nozzle. This is considered to be the shortest possible fan

cowl that will permit (I) adequate acoustic treatment,

(2) adequate length for thrust reverser installation, and

(3) proper direction of the fan exhaust. A full-length fan

duct would be heavier, have more aft-facing projected area,

and have a higher terminal slope. The aerodynamic perform-

ance of a full-length fan-duct nacelle would not likely be

greatly different from the one adopted, but the weight would

obviously be greater. Several studies made of nacelles at

lower drag divergence Mach numbers have favored 3/4-1ength

fan ducts (References 10-4 and 10-5), while one (Reference

10-6) concluded that the long duct is desirable from the

standpoint of improved internal mixing efficiency of the

exhaust flows. Since the STF-429 engine does not mix the

fan and core exhaust flows, a long fan cowl is not required.

/

\

The length of the primary nozzle is that required to

maintain a final chordal angle of 15 degrees. The diameter

ratio of the fan cowl is 0.82, while that of the protruding

portion of the primary nozzle is 0.57. Both exits are

convergent plug nozzles. A comparison of the geometry of

Convair nacelles for the Mach .98 airplane and the apparent

best nacelles tested by NASA is given in Table 10.2-1.

Table i0.2-1

COMPARATIVE NACELLE GEOMETRY

Geometric

Parameter

Forebody li/d n

_fterbody le/dn

(fan cowl)

Forebody di/dn

%fterbody de/dn

(fan cowl)

_fterbody Slope

(fan cowl)

Forebody

(Aproj/Amax) i

_fterbody

,Aproj/Amax) e

[fan cowl)

G.D.

Wing-Mtd

Nacelle

i. 00-I. 24

1.77

0.835

0.815

16 o

0.30

0.34

G.D.

Tail-Mtd

Nacelle

2.33-2.53

1.51

0.70

0.70

26 °

0.51

0.74

NASA NASA

NI3 Nacelle Nacelle

(Wing Mid) (Aft-Mtd)

(Ref. 10-2) (Ref.10-1_

1.09-1.31i. 54

i. 54

0.84

0.84

3.5 °

0.29

0.29
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10.2.2 Performance of Mach .98 Design Nacelle

10.2.2.1 Drag

Nacelle drag is comprised of (I) baseline external

drag at an inlet capture-area ratio of unity and cruise

nozzle pressure ratio, and (2) inlet spillage drag at

capture-area ratios less than unity. The effect of nozzle

pressure ratio on nacelle drag has been omitted in per-

formance calculations for the ATT because of the relatively

small portions of the flight at non-cruise flight speeds.

External drag of the nacelles at unity capture-area

ratio and cruise Math number is shown in Figure 10.2-2 as

a function of STF-429 engine scale. This drag is obtained

from the friction drag of a flat plate having a wetted area

equal to the nacelle wetted area multiplied by a form factor

of 1.15 to account for additional form drag and local

velocity effects. This assumes that the nacelles can be

designed to avoid shock losses and separation on the fore-

body. The flat-plate friction is based on the turbulent

mean skin friction coefficient of Eckert. The resulting

nacelle external drag is included as a part of the airplane

drag polar.

Inlet spillage drag is the sum of additive drag and the

change in nacelle drag resulting from operating the inlet at

capture-area ratios less than 1.0. The additive drag is

determined by computing the change in total momentum between

the inlet and the freestream. The change in cowl drag was

initially estimated by using General Dynamics test data from

open-nose-inlet cowl models. At the design-point capture-

area ratio of 0.82, this resulted in about 5 counts of

spillage drag for the three inlets. This data was sub-

sequently revised at the request of NASA to show zero

spillage drag at capture-area ratios greater than 0.8 on

the assumption that further development of a supercritical

cowl would provide this improvement in performance.

The spillage drag used in airplane performance is shown

in Figure 10.2-3 as a function of Math number and capture-

area ratio. Spillage drag is essentially zero at all cruise

points since cruise airflows are within about 2 or 3 percent

of maximum cruise airflow. Results from recent NASA-Langley

inlet cowl tests show little or no spillage drag at capture-

area ratios above 0.8 for most of the inlet configurations

at Math .98. The trend of spillage drag versus capture-area
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ratio for the NASA cowl is somewhat steeper than the data

used in the airplane performance studies. The NASA cowl

tested, however, had NACA l_series contours and was not

presumed to achieve the ultimate drag divergence Mach number.

Further development will probably reduce the minimum capture-

area ratio for zero spillage drag.

10.2.2.2 Inlet Pressure Recovery

Inlet pressure recovery for the STF-429 engine inlet

is shown in Figure 10.2-4 at takeoff, climb, and maximum

cruise airflows. As previously stated, the engine airflows

for all cruise power settings do not deviate significantly

from the maximum cruise value. A pressure drop penalty for

acoustic treatment of the inlet duct wall and two inlet

splitters was supplied by P&WA. Convair's calculated

pressure drop, which agreed very closely with the P&WA

value, is included in the pressure recoveries shown in

Figure 10.2-4. The penalty amounts to 1.4 percent at maxi-

mum airflow for the inlet splitter and wall treatment shown

in Figures i0.i-i and 10.1-2.

10.2.3. Alternate (Mach .90) Nacelle Design

The nacelles for the Mach .90 design airplane were

designed in a manner similar to those for the Mach .98 air-

planes with the following three exceptions:

(I) The lower cruise Mach number will allow operation

to lower capture-area ratios without incurring spillage drag.

Spillage drag characteristics, takeoff pressure recovery,

lip contraction ratio, and inlet diameter ratio of the

Mach .90 inlet used in engine and airplane performance are

shown in Figure 10.2-5. Zero spillage drag was assumed at

capture-area ratios greater than 0.7. The capability for

achieving this level of spillage drag has been demonstrated

on present-day conventional cowls. The design capture-area

ratio selected for the Mach .90 nacelles is 0.77. This

capture-area ratio was selected on the basis of providing

a takeoff pressure recovery of 0.95, as shown in Figure

10.2-5. The lip contraction ratio is based on maintaining

a throat Math number of 0.7 at the design point, as is also

true for the Math .98 nacelle.

(2) Since the Math .90 nacelle is designed to operate

at a lower capture-area ratio than the Mach .98 nacelle,

the inlet size per unit airflow is greater. Inletarea is
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2546 sq in. (1.643 sq m). For a throat Mach number of 0.70
at cruise, the lip contraction ratio for the Mach .90 nacelle
is 1.20 versus the I.ii for the Mach .98 nacelle. Both the
larger inlet area per unit airflow and the inlet contraction
ratio improve takeoff pressure recovery, so that a recovery
of 0.953 is attainable when noise treatment is not applied
and without the use of any auxiliary inlet devices. The
elimination of auxiliarE inlet devices for takeoff is con-
sidered a major advantage of the Mach .90 design.

(3) The length of the Mach .90 nacelle is less than
that of the Mach .98 design because the reduced drag
divergence Mach number does not require a nacelle of as
high a fineness ratio. Were it not for the length required
to install acoustic treatment material in the inlet, the
Mach .90 inlet li/d n could be as low as 0.7. The length of

the acoustic duct splitter rings require an increase in

li/d n to 0.9.

10.2.4 Performance of the Mach .90 Nacelle

10.2.4.1 Drag

External Drag - External drag of the Math .90 nacelle

is shown for cruise speed in Figure 10.2-2 as a function of

engine scale for the P&W STF-429 engine. As in the case of

the Mach .98 nacelle, the external drag is at unity capture-

ratio and is based on flat-plate friction drag plus 15 per-

cent form drag. The drag coefficient of the Math .90 nacelle

is only about 0.I count less than that of the Mach .98

nacelle. While the Mach .90 nacelle is somewhat shorter

and has less wetted area than the Mach .98 nacelle, the

greater friction drag coefficient at the lower Reynolds

number offsets this advantage.

Spillage Drag - Spillage drag used in performance cal-

culations for the Math .90 nacelle is given in Figure 10.2-6

as a function of capture-area ratio. At cruise speeds, the

capture-area ratio is in the 0.75-to-0.77 range and, hence,

the spillage drag is zero. For comparison, the spillage

drag of the NASA inlet cowl Configuration 8 is also shown

in Figure 10.2-6. For this cowl, spillage drag is zero at

capture-area ratios above about 0.74 but rises rapidly at

lower capture-area ratios. This data, as well as that from

other sources, confirms the use of zero spillage drag in the

cruise range of 0.75-to-0.77 capture-area ratio.
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10.2.4.2 Pressure Recovery

Pressure recovery for the Math .90 nacelle is shown in

Figure 10.2-7 as a function of flight Math number.

10.3 ACOUSTIC NOISE

10.3.1 Noise Objectives

The noise objective for the P&WA STF-429 engine at each

of the required measuring stations is FAR 36 minus I0 EPNdB.

Comparisons between this objective and the estimated noise

levels for various amounts of acoustic treatment applied to

each airplane design are shown in Figure 10.3-1. Full duct-

wall acoustic treatment plus two inlet splitters and one fan

exhaust duct splitter are required to meet the noise level

objective.

10.3.2 Nacelle Treatment Description

Details of the locations of the nacelle acoustic treat-

ment are shown on the propulsion installation drawing,

Figure I0.I-i. The treatment material is 1/2 in. (12.7 cm)

thick on the walls and on each side of the splitters for

attenuation in the predicted frequency range. The splitters

provide acoustic paths with effective L/h ratios of approxi-

mately 5.0 in the inlet and 9.0 in the fan exhaust duct.

10.3.3 Effects of Special Operational Techniques

In hopes of reducing the con_unity noise to as low a

level as possible, various special operational techniques

for takeoff and approach were investigated. These consisted

of varying T/W end/or flight path angle during takeoff and

using a two-segment approach for landing.

10.3.3.1 Takeoff

Figure'10.3-2 presents the results of a takeoff noise

reduction study. These results show that the .98M airplane's

noise level can be reduced by approximately 4.0 EPNdB by

increasing T/W from .290 to .336. A 6.5-EPNdB reduction

can be realized on the .90M airplane by increasing T/W from

.272 to .339. The above reductions apply for single-stage

takeoff flight paths. Further increases in T/W would cause

the sideline noise to exceed FAR Part 36 minus I0 EPNdB and

hence were not considered.
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I0.3.3.2 Approach

The calculation of the noise improvement attainable by

the use of a two-segment approach path would require knowl-

edge of the airframe and engine dynamics as well as detailed

noise characteristics of the engine. None of these was

available, so actual noise reduction calculations were not

attempted. The thrust required for a 6-degree glide slope

is much less than for a 3-degree approach and, if a smooth

transition from 6 to 3 degrees is in progress at the

approach-noise measuring station, the noise is obviously

going to be less than that of a single-segment 3-degree

approach. Previous studies and even flight tests conducted

by an airline crew have shown that a reduction of about 7

EPNdB can be realized by utilizing a two-segment 6-degree/

3-degree rather than the usual single-segment 3-degree

approach.

10.3.4 1985 Noise Projection

The Pratt &Whitney STF-433 engine was selected by P&WA

on the basis that a 5-EPNdB noise improvement over the

STFr429 could be attained, but with some system performance

degradation. The resulting economic penalty can be deter-

mined by comparing the bar labeled -15 EPNdB and the bar

labeled -i0 EPNdB on Figure 6.4-2 in Section 6.4.

The engine's characteristics are such that a predicted

noise level of FAR Part 36 minus 16 EPNdB is attained at

the sideline condition, which is the critical condition.

Even without special operating techniques, the community

noise levels will be quite low. The noise at the approach

is expected to be about 19 EPNdB below FAR Part 36, whereas

the noise at the takeoff conditions will be about FAR Part

36 minus 20 EPNdB.

It appears certain that with the use of the special

operating techniques described in Subsection 10.3.3 the

co_nunity noise levels will be very low. EPNdB values

which should be attainable are shown by Figure 10.3-3.

Note that the noise in the immediate airport vicinity, the

sideline condition, will still be about 15 EPNdB below the

current FAR Part 36 requirements.
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10.4 INSTALLED PROPULSION SYSTEM PERFORMANCE

Engine performance data supplied by the engine manu-

facturers were corrected for installation losses estimated

for the ATT airplane. Corrections were made for inlet

pressure recovery, inlet spillage drag, engine bleed, horse-

power extraction, and noise-treatment installation effects.

This resulted in an installed thrust-minus-delta-drag (T-DD).

Inlet pressure recovery and spillage drag data employed are

discussed in Section 10.2. Based on the design passenger

capacity, engine bleed was estimated as 2 ib/sec (.906 kg/sec)

per engine. These estimates for bleed and horsepower

extraction were unchanged throughout the study. Corrections

for pressure losses resulting from noise treatment were

included in installed engine performance as applicable.

Noise treatment data are further discussed in Section 10.3.

Installed propulsion system performance data were gene-

rated for several engines, including the General Electric

CF6-50C, P&WA Parametric ATT Engines (five engines), GE ATT

Engine No. I, P&WA STF-429, and P&WA STF-433. Estimates of

performance penalties for acoustic treatment were included

in data for all engines except the CF6-50C, which was used

as the baseline engine for Phase I studies. As stated

earlier, corrections for ble_d and power extractions were

unchanged. Additional data for the STF-429 was supplied

without corrections for noise treatment pressure drop to

allow evaluation of the economic penalty for noise treatment.

10.4.1 Comparison of GE ATT Engine No. I and

P&WA STF-429 Engines

The GE ATT Engine No. i and P&WA STF-429 engines were

candidate engines for the ATT baseline configuration studies.

These engines were selected by the Engine Design Study con-

tractors and the contract monitor from NASA Lewis Research

Center because they give good cruise installed performance
and meet the noise limitation of FAR Part 36 minus i0 EPNdB.

Convair's cycle selection studies agree well with the STF-429

selection. The Convair studies do not include mixed flow

cycles, but the GE ATT Engine No. I cycle selection appears

satisfactory also. The two engines were scaled to the same

maximum cruise power T-DD at Math .98, 36,089 ft (ii,000

meters) for comparison, as shown in Figure 10.4-1. Both

engines exhibit essentially the same cruise SFC's; however,

the P&WA STF-429 engine has about 8 percent more takeoff

T-DD. Physically the GE ATT Engine No. I is smaller in
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Physical Characteristics

ENGINE

Weight" - ib (kg)
Length*-in. (m)
Diameter-in. (m)
Scale Factor

° Bare Engine

GEATTNo. I

6230.0 (2825.9)

137.7 (3.498)

74.8 (I.900)

0,787

P&WA STF429

7000.0 (3175.2)
140.30. 44)

78.0 (I.98 )

1.0

A-

160

150

X

Z 140!

130

120

INSTALLED PERFORMANCE

- I---- TAKEOFF j

J ALTITUDE = 1000 Ft.(305 m)I34J- AMBIENT TEMP = 90 ° F
I (305.2OK)- _ . .I0

x 321- _ I_

.08

% "% "1
26_

0 .2 .4 .06

MACH NUMBER

ALTITUDE

36,089 Ft (11,000 m)

1.0-
" o Max Climb

o Max Cruise

, / GEATT No.1 Mach I

_ .98

6 8 10

T-DD-Lbxl0-3

I I
3O 4O

T-DD-NX 10-3

I
5O

Scaledto T-DD @ Mo - 0.98, 36,089 Ft(ll,000m) : 8800Lb(39,140N)

Figure 10.4-1 Comparison of the GEATT No.1 and P&WA STF429 Engines

\
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diameter, lighter in weight, and longer than the P&WA engine.

Based upon this comparison, there is no obvious reason for

selection of one engine over the other. The P&WA engine

was selected primarily because of data availability. Pratt

& Whitney supplied a computer deck suitable for calculation

of installed net thrust over the complete flight envelope.

General Electric supplied only limited tabular data.

10.4.2 Installation Effects on Propulsion

System Performance

The data in Figure 10.4-2 show the percentage change in

net thrust resulting from corrections for the various in-

stallation parameters. At takeoff the inlet pressure

recovery correction exhibits the largest difference in per-

centage change in net thrust for the various corrections for

the two design-point airplanes. This increment is due to

higher pressure recovery for the Mach .90 design at takeoff.

The higher inlet total pressure recovery results from better

matching of inlet size between takeoff and cruise flight

conditions for the Mach .90 design. Both the Mach .90 and

.98 design inlets were sized for cruise power airflows;

consequently, the penalty at cruise for inlet pressure

recovery is very close to the same for both designs. Engine

bleed is a greater percentage penalty to thrust at cruise

flight conditions than at takeoff because the constant bleed

flow requirement is a greater percentage of engine core flow

at cruise than at takeoff. Corrections for horsepower

extraction are small at both takeoff and cruise flight

conditions; however, they are included. Inlet and duct

pressure loss due to splitters and wall treatment result in

a penalty to net thrust at both takeoff and cruise of about

3 percent for noise treatment. A constant 0.985 nozzle

velocity coefficient is assumed.

In order to reduce NOx emissions at takeoff, combustor

inlet water injections of 8120 ib/hr/engine (3680 kg/hr/engine)

for the Mach .90 design and 9600 ib/hr/engine (4350 kg/hr/

engine) for the Mach .98 design are used. This results in

an increase of 3.4 percent in net thrust at takeoff. There

is no water injection at cruise. The weight of equipment

required to supply these water injection rates is 265 ib

(120.2 kg) for the Mach .98 design and 230 ib (104.3 kg) for

the Mach .90 design. This amount of dry weight has a negli-

gible effect on DOC since the cost of the water is only about

$4.00 per takeoff.
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10.4.3 Comparison of Engines Selected for the

Mach .90 and .98 Designs

A comparison of the performance and physical charac-

teristics of the P&WA STF-429 engine scaled for the Mach

.90 and .98 designs is shown in Figure 10.4-3. The Mach

.90 data are for a 0.56-scale engine; the Mach .98 data are

for a 0.662-scale engine. Engine scale factor is defined

as the thrust required per engine divided by the thrust

available from a specific baseline engine size defined by

P&WA. The scale factors are based on performance and

economic analyses. Installation penalties are about the

same at maximum cruise power for both cruise Math designs,

as shown in Figure 10.4-2; consequently, the SFC comparison

typical of turbofan engines shows the Math .90 cruise SFC

to be 4 percent less than the Math .98 cruise SFC.

10.4.4 Comparison of a 1979 Technology Engine

with a 1985 Technology Engine

Figure 10.4-4 presents a comparison of P&WA's 1985

time-period engine (STF-433) with the 1979 time-period

engine (STF-429). Both are 0.56-scale engines consistent

with the STF-429 Mach .90 design scale factor. The STF-433

design is a 6.5-by-pass-ratio engine compared with the

STF-429 4.5-by-pass-ratio engine. The objective of the

STF-433 engine is to be 5 EPNdB quieter than the STF-429

technology engine and 15 EPNdB less than present FAR Part 36

noise requirements. Increased combustor exit temperature

(CET) is a design feature of the STF-433 engine. However,

the cycle compromises necessary to attain the lower noise

causes the 1985 engine to exhibit 1-percent higher cruise

SFC, 8-percent greater weight, 8-percent larger diameter,

1-percent lower climb power T-DD, and 4.5-percent less Mach

0.2, 90OF (305.3°K), i000 ft (304.8 m) takeoff T-DD.

10.5 EXHAUST EMISSIONS

10.5.1 Emission Pollutant Limitations

A major objective of the Advanced Transport Technology

evaluation is to demonstrate capability for much improved

environmental factors. The noise factor has been previously

discussed (Section 10.3). The other important environmental

consideration is that of the atmosphere-polluting con-

stituents of the exhaust gas; thus, very stringent emission

pollutant limits are met by the ATT propulsion system. The
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Physical Characteristics- Scaled STF429

Weight - Lb(kg)
Length - in (m)
Diameter - in (m)
Scale Factor

Mach Design=O.90
3535(1602)

108 (2.74)

58.4 (I.482)

•560

Mach Design = O.98
4430 (2008)
116.5 (2.96)
63.2 (I. 602)

• 662
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Figure 10.4-3 Comparison of Engines Selected for the Mach O.90
and Mach O.98 Design
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Physical Characteristics - ScaleFactor :. 56

ENGINE STF433(1985) STF429 (1979)
BPR 6.5 4.5

OPR 25 25
FPR I.92 2.03

FanTipDiamin. 62.8 (I.597m) 58.4 (I.482m)

Weight 3840(1740kg) 3535 (1602kg)
AEPNdB -15 -10

Installed Performance Characteristics - ScaleFactor =.56

TakeoffT-DD

M o = 0.2 AIt = 1000 Ft (305m)
Ambient Temp = 90 ° F (305.2°K)

ENGINE T-DD - Lb (N /

STF429 17,350 (77, 180)
STF433 16,400 (72,950)

.10

" .08
I

,,u

.06

Cruise Performance
1.0

- 0 Max Climb
n Max Cruise

-r .8 STF433 Mo =0.9

.6_
2 4 6

T-DD - Lb x 10 -3

I I l
10 20 30

T-DD - N x 10-3

Figure 10.4-4 Comparison of a 1979 TechnologyEngine with a
1985 Technology Engine
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total hydrocarbon emissions (H/C) are required to be below

8 ib per i000 Ib of fuel (8 kg per I000 kg fuel); the carbon

monoxide (CO), below 40 Ib per I000 ib fuel (40 kg per I000

kg fuel); the nitrogen oxides (NOx) , below 3 ib per i000 ib

fuel (3 kg per I000 kg fuel); and the smoke emissions to

meet an SAE No. of 15.

I0.5.2 Problem Discussion

The problems of attaining the emission limitations

described above are grouped into two discrete engine operating

regimes. The CO and H/C limitations are easily met in today's

engines at medium and high power settings but may be exceeded

at idle power settings. The NOx and smoke limits are easily

met at low power settings but present some difficulty at high

power settings.

The STF-429 engine selected for the final aircraft

designs meets all of the requirements, but requires water

injection to avoid exceeding the NOx limit.

The two engine study contractors use slightly different

combustor design approaches to meet the smoke, CO, and H/C

limits, but both require the use of water during takeoff to

meet the NOx requirement. The water consumption per engine

required to avoid exceeding the limit is 8120 Ib/hr/engine

(3680 kg/hr/engine) for the .90 Math number design.

The ATT engine burners using variable-geometry combustor

domes or two-stage fuel injection for low power emission

control and using pre-mixed fuel-air or carbureting com-

bustors for high power emission control augmented with

water injection to further reduce the NO X are expected to

meet levels shown by Figure 10.5-1.
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SECTION i i

MAJOR SUBSYSTEM

DESCRIPTION

The program redirection prior to initiating the Phase

II effort limited Convair's subsystem efforts to that just

sufficient to allow reasonable subsystem weight, volume,

and cost estimates. Convair's approach was to assimilate

data from all of the new wide-body transports and to apply

its statistical estimating techniques to arrive at the

appropriate estimates. The resulting subsystems are de-

scribed briefly in the following subsections.

ii.i ENVIRONMENTAL CONTROL SYSTEM

The environmental control system encompasses the

following subsystems: (i) pneumatic, (2) cabin air con-

ditioning and pressurization, (3) ice and rain protection,

and (4) oxygen.

The air conditioning system derives its cooling from

_wo independent bootstrap air-cycle refrigeration units.

One unit is located in the inboard section of each wing

leading-edge area, forward of the main spar. Zone tempera-

ture control, built-in test circuits for rapid, accurate

fault isolation, and large access doors for easy servicing

of the equipment are additional features of the system.

Each air conditioning unit is capable of maintaining

a fully loaded cabin at a temperature less than 80°F

(299.7OK) on the ground and below 75°F (296.9°K) above

I0,000 feet (3048 m) during hot-day operation at all normal

cruise and descent conditions. The two units provide a

combined fresh air at 16 cfm (0.45 m3/min) to the passenger

compartment plus 400 cfm (11.328 m3/min) to the cockpit.

One unit is capable of providing full pressurization and

ventilation in excess of FAR Part 25 requirements. Perim-

eter heating provided in cargo compartments insures warm

walls and floors for all possible types of loading.

The anti-icing system provides for unrestricted flight

through icing conditions as defined in FAR Part 25. The

critical portion of the wing slats, the engine inlet cowls,

and the inlet sound suppression splitters are thermally
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anti-iced with engine bleed air. Other-ice sensitive

components such as the windshield and pitot tube are

electrically anti-iced. Windshield rain removal is effected

by electrically operated windshield wipers combined with a

liquid rain repellant.

The integrated pneumatic system consists of an onboard

auxiliary power unit (APU); the ducting and controls for

the air conditioning, pressurization system, and anti-icing

system; and engine cross-bleed starting ducts. Air is

supplied to the pneumatic distribution manifolds from three

functionally identical engine bleed systems. It is pro-

cessed by the components shown in the schematic diagram of

Figure Ii.i-i.

In normal flight, bleed air is extracted from the com-

pressor intermediate stage port and through the check valve

to the pressure regulator, where its downstream pressure is

limited to approximately 45 psig (31,000 N/m2). Downstream

of the regulator the air passes through the overpressure

shutoff valve to the pre-cooler, where it is cooled by fan

air to maintain a bieed manifold air inlet temperature of

approximately 400°F (473OK).

The air conditioning system features two dual (redun-

dant), three-wheel air-cycle systems located one on each

side in the leading edge of the wing root. This area,

because of its central location, provides a minimum length

of air distribution ducting, convenience for ram air intake,

and easy access through large nonstructural doors.

11.2 FUEL SYSTEM

The fuel is contained in integral tanks between the

front and rear wing spars outboard of the fuselage. Solid

enclosure ribs form the tank end-walls. The tanks are

baffled to prevent excessive fuel shifting and to reserve

the outboard-section fuel until the airplane gross weight

is reduced by fuel usage. Tanks No. I and 3, the outboard

wing tanks, normally serve the adjacent engine on that wing.

Tank No. 2 is divided into two halves, located in the inboard

wing section, one half in each wing. The two halves are

gravity interconnected through open lines. This tank

normally supplies the tail-mounted engine. Figure 11.2-1

is a schematic of the fuel system; Figure 11.2-2, of the

vent system.
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Fuel is pumped from the tanks to each engine through

separate lines. Fuel for the APU is taken from the No. 2

engine feed line. The fuel lines are aluminum alloy tubing

within the tanks. Stainless steel tubing completely

shrouded with vented and drainable tubing is used in all

places where the feed lines pass through the pressurized

area of the fuselage. Stainless-steel tubing or fire

resistant hose is used elsewhere.

Multiple booster pumps are installed for redundancy.

However, in the case of complete failure of the booster

pumps, the engines will operate satisfactorily and maintain

sustained flight on suction feed. Each pump is operated

from a separate electric circuit so that the failure of

one circuit will not affect another pump.

The airplane is normally fueled through two adjacent

international standard pressure receptacles in the right

wing. Two additional, identical receptacles are provided

on the left wing to permit simultaneous filling of both

sides of the airplane when desirable. A fueling control

panel is located adjacent to the two refueling receptacles.

The panel includes controls for automatic cut-off at pre-

selected partial loads.

Defueling is accomplished by manually opening the

fueling adaptor check valve. Defueling by suction at the

fill adaptor removes up to 75 percent of the fuel at a rate

of about 200 gallons per minute (756 liters/minute). With

the cross feed valves open the tank booster pump will com-

pletely remove the fuel at a rate of about 650 gallons per

minute (2460 liters/minute).

ii.3 AUXILIARY POWER UNIT

11.3.1 General Description

An onboard auxiliary power unit (APU) is installed on

the ATT as standard equipment. The unit is located in the

aft fuselage section, where it is conveniently accessible.

The primary function of the APU is to furnish power for the

aircraft systems on the ground. The unit is also capable

of continuous operation in flight to provide an auxiliary

source of electrical power. A 90-kVA alternator identical

to those on the main engine is driven by the APU. The

hydraulic system can also be operated by the APU through

an electrically driven hydraulic pump.
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11.3.2 Installation Description

The APU is fundamentally another engine; so essentially

the same design criteria are applied to its installation as

to the installations of the main engines.

The APU compartment is ventilated and drained to prevent

an accumulation of fluids. Air for operation of. the unit is

delivered through a sound-attenuated fireproof duct. A

blower, mounted on the APU gear box, provides cooling air

for the APU accessories, the APU oil cooler, and compartment

ventilation. Air is delivered to the blower inlet by a short

duct completely independent from the APU charge air. The

duct is of fireproof material, and a check valve positively

separates the APU compartment and the aft-fuselage cavity.

The APU exhaust system consists of a dual duet of fire-

proof materials. The outer shroud is titanium and separates

the inner duct from the fuselage cavity. The inner duet is

steel.

11.4 HYDRAULIC SYSTEM

The ATT is equipped with three separate, parallel,

closed-circuit hydraulic systems, each supplied from two

pumps located on the main engine accessory gear box. All

of the systems are continuously operated, and each one

supplies power to all of the primary flight control functions

and the wheel brakes.

Hydraulic fluid at 3000 psi (2.06 x 106 N/m 2) is

supplied through an all-metal piping system designed for

essentially infinite service durability. Flexible-metal

pipes, which in reality are low-stress hollow springs,

repla¢_ hose fittings at the actuators. Steel or titanium

is used for all lines within fire zones, and aluminum alloy

tubing is utilized outside the fire zones.

The hydraulic circuit is designed so that a fuel-oil

heat exchanger is not required. This is accomplished

through the use of finned tubing, selection of reservoir

location, and care in pipe routing to avoid areas of

excessive heat.
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ii.5 ELECTRICAL POWER SYSTEM

The primary electrical power system is a three-generator

system providing I15/200-V, 400-Hz alternating-current. A

fourth generator is provided on the APU which can replace

any one of the three primary generators. A 28-V dc is

derived from the ac system through transformer-rectifiers.

All four generators are identical 90-kVA, three phase,

brushless generators of the current state-of-the-art. Space

on the engine-mounted accessories case is provided for 120-

kVA generators.

The main-engine-mounted generators are driven through

hydro-mechanical type constant speed drives of current

design. These drives have proven to be highly reliable.

Emergency power is provided through a battery system

for short-term electrical requirements and by an air-driven

generator (ADG) for long-duration requirements.

The battery is kept in a fully charged condition by

means of a battery charger from the ac system. The charger

is capable of replacing a charge at the same rate that it is

discharged to eliminate flight delays for battery charging.

Operation of the ADG deploy handle places the ADG in

the air stream. When deployed it automatically comes up to

speed and supplies 400 Hz ac power at I15/200-V.
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SECTION 12

DES IGN CRITERIA

Design criteria are divided into two categories:

(i) recommended changes to FAR Part 25 so that it adequately

applies to a transport aircraft incorporating advanced

technologies, and (2) specific structural design loads

criteria used for the evaluation of selected aircraft.

12.1 FAR PART 25 STRUCTURAL DESIGN CRITERIA

MODIFICATIONS RECOMMENDATIONS

Subpart C - Structure, and Subpart D - Design and

Construction of FAR Part 25 have been examined with respect

to their applicability and adequacy for application to

advanced transport aircraft. The treatment of one aspect

of the proposed modifications, the detailed structural design

criteria unique to a composite-materials airframe, may appear

too abbreviated. The rationale employed is that FAR Part 25

should provide the broad coverage on the use of composite

materials, and to thesame general depth, as it provided on

metals usage. It remains for the detailed composites design

criteria and practice to be assembled in a supplementary

bulletin, as described in Volume II, for use by all concerned

parties.

The recommended changes to FAR Part 25 are presented

below in the following format: (i) the specific FAR Part 25

paragraph that is proposed for modification is identified,

(2) the modification rationale is discussed, and (3) the

paragraph modification is presented. This is the same format

used in the Tentative Airworthiness Standards for Supersonic

Transports (TASST), dated November I, 1965. In fact, in the

majority of instances, the modification material seen as

applicable to the advanced transport is an editorialized

version of the TASST.

12.1.1 FAR Part 25, Subpart C - Structure

12.1.1.1 General

FAR 25.301 Loads

Discussion

The advanced transport will operate at near-sonic speeds

and, therefore, operate under a wider range of airplane
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stability than lower-speed transports. Since loads can be

critically affected by stability and transonic speed, the

design standards should highlight these areas and cover them

specifically. In addition, since safety is dependent on the

reliable operation of automatic devices, such as stability

augmentation devices and automatic flight control systems,

the effects of probable malfunctions need to be considered

in the development of airplane design loads.

Recomnended Standard

Add the following paragraphs to FAR 25.301:

(d) For advanced transport airplanes the stability

of the airplane appropriate to each particular

flight condition must be considered for all

loading conditions. Conditions which are normal

and reasonable deviations therefrom, within the

prescribed design flight envelope, must be

considered in the mission analysis which deter-

mines the appropriate airplane stability

parameters.

(e) For advanced transpQrt aircraft the loads must

be determined within the design flight envelope,

considering the effects of stability augmentation

and automatic flight control systems, including

probable failures and changes in systems

characteristics which can be expected in service.

All malfunctions and failures of these systems

must be considered under FAR 25.671 and FAR 25.1309

within the normal flight envelope except those

shown to be extremely improbable.

FAR 25.305 Strength and Deformation

Discussion

Power spectral gust design criteria have been under

discussion between the FAA and industry for the past several

years. In Amendment 25-23, the FAA adopted a requirement

covering the assessment of the dynamic response of the

airplane to continuous turbulence. During discussions with

industry in June 1970, the AIA proposed criteria for compli-

ance with the newly adopted rule under Amendment 15-23. The

FAA believes that these criteria should be proposed as part

of the rules rather than as an acceptable means of compliance
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and that the criteria should be modified to reflect at least

the existing gust strength levels of presently certificated

aircraft. Discussions that took place with industry were on

the basis of a generally applicable requirement for all

transport-type aircraft.

Recommended Standard

Amend 25.305 by adding a new paragraph (e) which states the

following:

25.305(e) In complying with the provisions of

paragraph (d), the continuous gust design criteria

of Appendix G must be used in lieu of more rational

analysis.

APPENDIX G

CONTINUOUS GUST DESIGN CRITERIA

The following gust loads requirements apply to mission

analysis or design envelope analysis:

(a) The limit gust loads utilizing the continuous

turbulence concept must be determined in

accordance with the provisions of either

Paragraph (b) or Paragraphs (c) and (d)

below. For structural components stressed

by both vertical and lateral components of

turbulence, the resultant combined stress

must be considered. The combined stress

may be determined on the assumption that

vertical and lateral components are

uncorrelated.

(b) Design envelope analysis. The limit loads
must be determined in accordance with the

following:

(1) All critical altitudes, weights, and

weight distributions, as specified in

FAR 25.321(b), and all critical speeds

within the ranges indicated in Paragraph

(b)(3) below, must be considered.
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(2)
I

Values of A (ratio of root-mean-square

incremental load to root-mean-square gust

velocity) must be determined by dynamic

analysis. The power-spectral density of

the atmospheric turbulence must be as

given by the equation,

8 2

a2__._Li + "_ (1.339 e_)_(_)
_r [i + (1.339 L_)2] II16

/

(3)

where

= power-spectral density, (ft/sec)2/

rad/ft (m/sec)2/rad/m

a = root-mean-square gust velocity,

ft/sec (m/s)

= reduced frequency, rad/ft (rad/m)

L = 2500 ft (762 m)

The limit loads must be obtained by multi-

plying the A values given by the dynamic

analysis by the following values of U a :

(i)

(ii)

(iii)

(iv)

At speed Vc: U_ = 85 ft/sec (25.91 m/

see) true velocity on the interval

0 to 30,000 ft (9144 m) altitude and

is linearly decreased to 30 ft/sec

(9.14 m/see) true at 80,000 ft

(24,384 m) altitude.

At a speed VB: U_ is given by 1.32
times the values obtained under sub-

paragraph (i) above.

At speed VD: as given by 1/2 the

values obtained under subparagraph

(i) above.

At speeds between V B and VC, and

between V C and VD: as given by linear

interpolation.
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(c)

(4) When a stability augmentation system is

included in the analysis, the effect of

system nonlinearities on loads at the limit

load level must be realistically or con-

servatively accounted for.

Mission Analysis. Limit loads must be determined

in accordance with the following:

(i) The expected utilization of the airplane

must be represented by one or more flight

profiles in which the load distribution and

the variation with time and speed, altitude,

gross weight, and center-of-gravity position

are defined. These profiles must be divided

into mission segments, or blocks, for analysis,

and average or effective values of the

pertinent parameters defined for each segment.

(2) For each of the mission segments d_fined

under Paragraph (c)(1), values of A and No

must be determined by dynamic analysis.

A is defined as the ratio of root-mean-

square incremental load to root-mean-square

gust velocity and No as theradius of gyration

of the load power-spectral-density function

about zero frequency. The power-spectral

density of the atmospheric turbulence must

be given by the equation in paragraph (b)(2).

(3) For each of the load and stress quantities

selected, the frequency of exceedance must

be determined as a function of load level by

means of the equation

N(y) = _tNo[P 1 exp(-Y-Ylg )_ P2 exp(-Y'Ylg )I

bl_ b2_

where

Y : net value of the load or stress

Ylg
= value of the load or stress

in I g level flight

N(y) = average number of exceedance

of the indicated value of the

load or stress in unit time
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(d)

Z = symbol denoting summation

over all mission segments

No,A = parameters determined by

dynamic analysis as defined

in Paragraph (c)(2)

PI,P2,bl,b2 = parameters defining the

probability distributions

of root-mean-square gust

velocity, to be read from

Figures i and 2.

The limit gust loads must be read from

frequency of exceedance curves at a

frequency of exceedance of 2x10 -5 exceedances

per hour. Both positive and negative load

directions must be considered in determination

of the limit loads.

(4) If a stability augmentation system is utilized

to reduce the gust loads, consideration must

be given to the fraction of flight time that

the system may be inoperative. The flight

profiles of Paragraph (c)(1) must include

flight with the system inoperative for this

fraction of the flight time. When a

stability augmentation system is included

in the analysis, the effect of system non-

linearities on loads at the limit load level

must be realistically or conservatively

accounted for.

Supplementary design envelope analysis. In

addition to the limit and fail-safe loads defined

by Paragraph (c) above, limit and fail-safe loads

must also be determined in accordance with

Paragraph (b) above, modified as follows:

(i) In Paragraph (b)(3)(i), the value of Ua

85 ft/sec (25.91 m/sec) true is replaced

by Ua = 60 ft/sec (18.29 m/sec) true on

the interval 0 to 30,000 ft (9144 m)

altitude, and is linearly decreased to

25 ft/sec (7.62 m/sec) true at 80,000 ft

(24,384 m) altitude.
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(2) In paragraph (b), the reference to Paragraph

(b) (3) (i) through (b) (3) (lii) is to be

understood as referring to the paragraph

as modified by Paragraph (d)(1) above.

(e) Response to turbulence at pilot's station.
Vertical and lateral acceleration environment at

the pilot's station must be established for

response to continuous turbulence at intensity

levels encountered in normal operations (ref.

25.255). Adequacy for levels of turbulence

encountered in normal operations shown by analysis

may be established on the basis of comparison with

airplanes which have acceptable service experience.

12.1.1.2 Flight Maneuver and Gust Conditions

FAR 25.331(a) Procedure

Discussion

Service experience on a number of jet-transport-category

airplanes indicates that maneuvers within the design envelope,

while in out-of-trim configurations, occur sufficiently often

to warrant investigation of the airplane's maneuver stability

and control characteristics in out-of-trlm configurations.

During flight tests and normal service, airplanes are maneu-

vered while the airplane is out-of-trim and the proposed

amendment to 25.331(a)(4) would require the airplane to be

designed structurally for the loads that result from

maneuvers while in the out-of-trlm configurations that may

occur during the mistrim conditions specified in 25.144.

The proposal reflects the reasoning used in the development

of the special condition applied to several subsonic transport

aircraft.

Recommended Standard

Add the following new sentence at the end of FAR 25.331(a)(4):

(4) .... "Maneuvers must consider the airplane in trinuned

flight and for out-of-trlm configurations which

may occur during the mlstrlm conditions specified

in 25.144."
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FAR 25.335(b) Design Dive Speed, V D

Discus sion

The advanced transport design will be optimized for

cruise at near sonic speed. This will entail use of advanced

aerodynamic configurations, control systems, and engines.

Response of the airplane to upset and atmospheric variations

must be characterized by performance and stability investi-

gations prior to establishing minimum margins between Vc/M c

and VD/M D on a rational basis. The Tentative Airworthiness

Standards for Supersonic Transports recommends that the

minimum margin of .05M be increased for speeds greater than

.95 Mach number. It is therefore recon_nended that 25.335(b)(2)

be modified as shown below until such time that investigations

can be accomplished to establish the rationale for setting

the minimum margin.

Recommended Standard

Change the sentence in FAR 25.335(b)(2) to the following:

"However, the spread must not be less than 0.i delta Mach

number."

FAR 25.335<c) Design Maneuvering Speed, V_, and

FAR 25.335(d) Design Speed for Maximum Gust Intensity, V B

Discussion

Providing minimum criteria for aircraft that donor

have a definable stall is difficult. In some cases, wind

tunnel data for advanced transport configurations exhibit

lift variations at high angles of attack that characterize

a non-definable stall. Therefore, the reference stall speeds

that have been used in the past for determination of

structural design criteria, may be inappropriate for advanced

transport design. The Tentative Airworthiness Standards for

Supersonic Transports presents an approach for establishing

a "minimum operational speed" for configuratiQns not having

a definable stall. It is therefore proposed that a similar

approach be taken to establish VA and V B for the advanced

transport whenever definable stall is not exhibited. Where

the left side of the V-n envelope is angle-of-attack limited

rather than stall limited, suitable indication to the pilot

should be provided.
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Recommended Standard

Add a new subparagraph (iii) to FAR 25.335(c)(I):

(iii) For advanced transport configurations not

having positive indications of stall, in

lieu of the definition of V S in subparagraph

(ii), VSl is defined as the minimum speed

with flaps retracted as specified in those

portions of FAR 25.201 which are applicable

to advanced aircraft.

Add a new subparagraph (iii) to FAR 25.335(d)(i):

(lii) For advanced transport configurations not

having positive indications of stall, in

lieu of the definition of VSl in subparagraph

(ii), VSI is defined as the minimum speed

with flaps retracted at a particular weight

under consideration as defined in those

portions of FAR 25.201 which are applicable

to advanced aircraft.

FAR 25.341 Gust Loads, and

FAR 25.351 Yawing Conditions

Discussion

The combination of a static-gust-load-formula approach

with the dynamic continuous turbulence methods, which will

be required under the item covering FAR 25.305, will yield

a level of safety essential for successful advanced trans-

port design.

Recommended Standard

At the end of FAR 25.341(c) add the phrase "(see FAR 25.305(d))."

At the end of FAR 25.351(b) add the phrase "(see FAR 25.305(d))."

FAR 25.349 Roiling Conditions

Discussion

Experience in the design of military aircraft, including

bomber types, shows that it is possible to get peak roll

acceleration during the recovery from rolling maneuvers,
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/ where, for a brief time, rolling moment due to roll rate

(i.e., roll damping) is additive with that due to roll

command for recovery. This condition can result in critical

design loads for nacelle/engine installations located out-

board under the wing. The Tentative Airworthiness Standards

for Supersonic Transports provides criteria based on a

rolling pullout-type maneuver. It is recommended that these

criteria be included for design of advanced transport con-

figurations.

Recon_mended Standard

Add the following to FAR 25.349(a):

(5) For advanced transport configurations, in lieu

of subparagraphs (2), (3) and (4) of this

paragraph, at speeds up to VD/MD, the cockpit

lateral control is displaced to the maximum

attainable by two equal-and-opposite 50-1b

(222.41 N) forces applied at the rim of the

control wheel. The rate of control force

application and the surface deflection and

rate need not be greater than permitted by

the pilot and control system characteristics.

For rolls with g-positive entry, the airplane

will be assumed to be initially in a steady

constant-altitude turn at a bank angle

corresponding to a load factor of 2/3 n.

The airplane will roll out of the turn and

be assumed to be checked so as to limit the

bank angle to a value equal and opposite to

the initial angle. For rolls with zero-g

entry, the initial attitude shall be wings

level at zero-g entry, and action to check

the roll will be assumed to occur at an angle

of bank appropriate to the airplane-pilot

response characteristics.

12.1.1.3 Ground Loads

FAR 25.491 Ground Loads, and

FAR 25.492 Response to Runway Roughness at Pilot's Station

Discussion

The FAA has recently required assessment of dynamic

loads associated with runway roughness for large transport
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aircraft. A new rule is proposed, where previously these

loads were handled by interpretation of the current rule.

These loads are critical in parts of the structure and

should be accounted for.

Recommended Standard

Revise FAR 25.491 to read as follows:

FAR 25.491 Taxi, Takeoff, and Landing Runs

An assessment of the dynamic taxi loads is required

for the roughest runway-taxiway profiles to be

encountered in operation using the most critical

airplane configuration. Arbitrary, discrete,

deterministic, and/or statistical methods may be

used to accommodate both the discrete and random

aspects of the profiles. Both symmetric and anti-

symmetric responses will be considered.

Add new FAR 25.492 as follows:

FAR 25.492 Response to Runway Roughness at Pilot's

Stations

The vertical and lateral acceleration response at

the pilots' stations must be determined for runway-

taxiway profiles expected in normal operations.

The acceleration response must be such as to permit

the pilots to read instruments, control the airplane,

and perform other functions necessary for safe

operations on the ground. Compliance may be demon-

strated by comparing the response with that of

airplanes which have had satisfactory service

experience.

12.1.1.4 Fatigue Evaluation

FAR 25.571 Fatigue Evaluation of Flight Structure,

FAR 25.573 Fatigue Evaluation of Landing Gear, and

FAR 25.577 (New) Advanced (Near-Sonic) Transport Airplane

Fatigue

Discussion

The Tentative Airworthiness Standards for Supersonic

Transports, covering fatigue evaluations for supersonic
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aircraft, embodies criteria, including fail-safe residual

strength requirements, which are also suited to structural

reliability concepts for advanced near-sonic transports.

Therefore, portions of the TASST discussion, modified slightly

to delete reference to supersonic aircraft/operations, and

the tentative standard are presented in the following para-

graphs as discussion material and a proposed standard for

advanced transport fatigue evaluations.

The exposure of the advanced near-sonic transport to a

unique loading environment, new materials, new fabrication

techniques, and new configurations will require consideration

of these factors in evaluating the fatigue aspects of zhe

advanced transport design.

The present fatigue requirements, FAR 25.571, provide

for either a fail-safe or safe-life approach in establishing

the fatigue strength of the flight structure. The fail-safe

approach for the flight structure has been used in the design

of the present jet transport fleet. This design concept in

conjunction with inspection procedures has proven effective.

The objective of the proposed advanced transport fatigue

strength standards is to obtain the highest practicable

level of safety compatible with current technology. It is

believed that this objective can be achieved by the

following:

. Require that the primary structure be capable of

supporting the expected repeated loads and design

limit loads after fatigue failure or partial failure.

The present fatigue requirements, FAR 25.571, do

not specifically provide that the structure must

support repeated loads after partial failure. The

structure is, in fact, exposed to repeated loads

after each partial failure until the failure is

detected. Therefore, it is believed that the

structure should be required to support such loads

in lieu of assuming that residual static strength

requirements will provide the needed strength.

Also, it is believed the structure should remain

capable of supporting limit loads after partial

failure since they are the maximum loads expected

in service and may be imposed, especially if the

period between inspections is long or if the

partial failure occurs in severe turbulence.

Under the proposed standards, the fail-safe

evaluation would involve a determination of
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probable failure areas by fatigue tests except
where analysis is considered reliable. The residual
fatigue and required static strength would then be

demonstrated with obvious partial failures in the

probable failure areas and in other critical areas.

The residual fatigue strength would have to be

sufficient to provide assurance that the partial

failure would be discovered during the inspection

program. An obvious partial failure would usually

consist of complete failure of one element but may

involve partial failure of an element or complete

failure of several elements, depending on the nature

and location of the failure and the type of inspec-

tion contemplated, but in any case it must be

obvious during the planned inspection. While the

proposed standard does not include a dynamic mag-

nification factor on fail-safe loads, it would

require that the design limit be supported under

realistic partial-failure conditions.

. Provide that the landing gear be either a safe-life

or fail-safe type of structure on the basis of

practical considerations and that the gears are

readily inspectable. Other requirements provide

that the airplane must be capable of a wheels-up

landing.

The flight structure loading conditions for fail-safe

strength set forth in FAR 25.571(c) do not include such

conditions as lateral gusts, maneuvers at VA and VD, rolling

maneuvers, unsymmetrical gusts, negative maneuvers, gusts

and maneuvers with zero wing fuel, dynamic yaw due to

critical engine failure, engine torque and side loads, nor

the more rational loading conditions for continuous turbu-

lence and runway roughness specified in Sections 25.305 and

25.491. Further, the flap loading condition coverage is not

specific. FAA Report FAA-ADS-53 indicates that lateral gusts

exceed design limit strength more frequently than vertical

gusts. A review of NASA jet VGH data and incident reports

indicates that maneuvers at high and low speeds are as

likely as at V . A review of the remaining conditions does

not indicate t_at the proposed conditions are unreasonable

nor sufficiently remote to eliminate. It should be noted

that supplementary engine and control surface loads are

largely covered by airplane loading conditions.
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Landing and takeoff loading may be critical for portions

of the structure, especially the fuselage. While failure

under flight loading conditions is obviously catastrophic,

failure during these high-speed ground conditions could also

be catastrophic.

In view of the foregoing and because conditions other

than those specified in 25.571(c_ may be critical on an

advanced aircraft, it is believed that the fail-safe static

loading conditions should cover the proposed conditions.

It is the intent of the proposed standard to require

substantiation of the fail-safe residual static strength for

only the critical loading conditions, and the word "critical"

has been inserted to emphasize this aspect.

Industry has contended that the residual static strength

level specified in FAR 25 (80 percent limit load) is adequate.

The FAA has made a study of the likelihood of fail-safe

damage and fail-safe load (both i00 percent and 80 percent

of design limit) occurring prior to detection by inspection.

Copies of the study were provided at the October 8-10, 1968

FAA/Industry meeting. The results of this study indicate

that both a fail-safe load level of limit load and a rigorous

inspection program are needed. AIA contends that, based on

the latest VGH jet data, the gust frequency data used in the

FAA study is overly conservative. However, when maneuvers

are added to the gust data, the total load factor exceedance

curve corresponds to that used in the study. Further service

experience indicates that structural failures are more

prevalent under severe loading conditions in which frequent

high loads could be expected. Consequently, it is believed

that the study results are reasonable and that a residual

static strength level of i00 percent limit load is necessary

to assure the desired safety objective.

Recon_nended Standard

Add a new FAR 25.577 Advanced (Near-Sonic) Transport Airplane

Fatigue

For advanced near-sonic transport airplanes the

following standards apply in lieu of FAR 25.571 and

FAR 25.573:

(a) Fatigue and Fail-Safe Characteristics. The

strength and design of the primary structure
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must be adequate to insure that the catastrophic

failure in the service environment under the

expected repeated loads is extremely improbable.

(b) Fatigue Evaluation Procedures. It must be shown

by analysis and repeated and static load tests

that the primary structure, in conjunction with

the inspection program established in accordance

with 25.1529(h), meets the provisions of paragraph

(a). The probable-failure locations must be

determined by analysis, tests, or both. The

loading spectra used in analysis and tests must

be representative of critical types of operations.

The effects of maneuvers, ground-air-ground

cycles, gusts, landing and taxiing, and pressure

cycles must be included in the spectra, if

significant. All primary structure must be

evaluated to show compliance with paragraph (a)

in accordance with (I) below except as specified

in (2) below.

(1) It must be shown that adequate residual

strength is provided to assure that any

partial failure will be detected before

a hazardous condition develops. This

involves showing that the structure

remains capable of supporting the expected

repeated loading spectrum and critical

design limit loads for the following

conditions without catastrophic results

during the period after any fatigue failure

or partial failure has progressed to

obvious proportions and prior to detection

by inspection:

(i) Maneuvering conditions of 25.331(b)

and 25.331(c)(2).

(ii) Load factor conditions of 25.337.

(iii) Gust loads of 25.341 and 25.305(e).

(iv) High-lift-device loads of 25.345.

(v) Rolling conditions of 25.349.

(vi) Yawing conditions of 25.351.

300



(vii) Pressurized-cabin loads of 25.365.

(viii) Unsymmetrical loads due to engine

failure of 25.367.

(ix) Speed-control-device loads of 25.373.

(x) Unsymmetrical loads of 25.427.

(xi) Special-devices loads of 25.459.

(xii) Landing conditions of 25.473.

(xiii) Takeoff run loads of 25.491.

(xiv) Braked roll loads of 25.493.

(xv) Any probable loading condition found

to be appropriate to the configuration.

(2) The landing gear and attaching structures

and other areas of the less critical primary

structure, where it is shown that extreme

design penalties would result, need not

comply with subparagraph (I). This structure

may be evaluated by showing that it is capable

of supporting the expected repeated loading

spectrum without failure.

12.1.2 FAR Part 25, Subpart D - Design and Construction

12.1.2.1 General

FAR 25.603 Materials and

FAR 25.605 Fabrication Methods

Discussion

The advanced transports will be affected by the longtime

exposure to corrosive elements and errosive effects of rain.

The structural materials used should be investigated for

those environmental factors which affect the material

characteristics.
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Reconlnended Standard

Add the following to FAR 25.603:

(c) Be established to show that they maintain

throughout their service life their design

strength considering deterioration as a result

of longtime exposure to the operating environ-

ment.

Add a new paragraph, FAR 25.605:

For airplanes using new fabrication methods and

materials which are to be exposed to new critical

environmental conditions for which adequate experience

is not available, a fabrication test program is

required to substantiate the fabrication methods to

be used.

FAR 25.609 Protection of Structure

Discussion

Encounter with hail at high speeds is considered to be

a hazard to safe flight of high-performance aircraft. In

order that adequate levels of safety are assured, the

strength and detail design of affected areas should be

designed for hail and rain encounter. An objective require-

ment is considered appropriate.

Very limited test information is currently available.

However, initial approaches have been proposed, and guidance

to acceptable substantiation programs can be formulated.

A suggested approach in this country is to test affected

structure for a nominal (1-in. (2.54 cm) diameter) size of

hail to show no appreciable indentation and to substantiate

that larger sizes (2-in. (5.08 cm) diameter) will produce no

appreciable damage. With this approach, it is believed that

the question of capability of the structure for encounter

with relatively rare large hail or encounter at the relatively

high speeds associated with cruise operations should be

assessed by showing that limit tests result in adequate

ultimate capability. Qualitative data have been presented

by pilot groups to indicate that large-size-hail encounter

is sufficiently probable to warrant assessment during design.
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As test data become available, more specific test

procedures should be developed.

Reco_nended Standard

Add the following to FAR 25.609(a):

(4) Rain erosion

Add a new paragraph to FAR 25.609 as follows:

(c) For advanced transport aircraft, the strength,

detail design, and fabrication of fuselage, nose,

and leading-edge structure, windshields, and

radomes shall prevent extreme hazards to the

airplane from hail encounter. For all speeds

up to those associated with MC at 40,000 ft

(12,192 m), hail-impingement tests on represen-

tative structure should be made (I) to show

that 1-in. (2.54 cm) diameter hail will result

in no appreciable indentation, (2) to show that

2-in. (5.08 cm) diameter hail will produce no

appreciable damage. Sufficient tests involving

variations of hail size and speed of impact must

be conducted to assure that (i) encounter of

large-size hail, and (2) encounter of hail at

higher speeds will not result in catastrophic

structural failure.

FAR 25.629 Flutter, Deformation and Fail-Safe Criteria

Discussion

The current standards are not sufficiently objective

and comprehensive to cover modern complex transports. The

proposed standard reflects the objectives of the system

failure criteria set forth in FAR 25.671, 25.672, and 25.1309,

which were adopted under Amendment 25-23. In addition,

failure criteria are proposed for flutter dampers consistent

with the control system failure modes of 25.671.

Recommended Standard

Make the following changes:

l. In paragraph (d)(1), add the phrase "each of the

following" after the last word of the paragraph.
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e In subparagraph (d) (I) (i), eliminate the semicolon

and the word "and" at the end of the paragraph.

3. Change subparagraph (d) (I) (ii) to read as follows:

(ii) Any other combination of failures not shown

to be extremely improbable.

. Substitute the following for subparagraphs (d)(4)(v)

and (d) (4) (vi) :

(v) Failure of each principal structural element

selected for compliance with 25.571(c).

Safety following a failure may be substantiated

by showing that losses in rigidity or changes in

frequency, modal form, or damping are within

the general parameter variations shown to be

satisfactory in the flutter and divergence

investigations.

(vi) Any single or combination of failures, mal-

functions, or disconnections in the flight

control system considered under the require-

ments of 25.671, 25.672, and 25.1309 and any

single failure in any flutter damper system

and combinations of failures except those

shown to be extremely improbable. Investi-

gation of forced structural vibration, other

than flutter, resulting from failures, mal-

functions, or adverse conditions in the

automatic flight control system may be limited

to airspeeds up to VC.

12.2 STRUCTURAL DESIGN CRITERIA

The definitions and general criteria used are consistent

with FAR Part 25 but are much simplified in keeping with the

preliminary design nature of the study. A summary follows.

A. Design Gross Weights

i. Maximum Flight Gross Weight = Maximum Ramp

Gross Weight

2. Maximum Taxi and Ground Handling Gross Weight =

Maximum Ramp Gross Weight
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•

Minimum Flight Weight = Zero Fuel Gross Weight

Maximum Landing Gross Weight =

a.

Do

84 percent of Maximum Ramp Gross Weight

for a 10-ft/sec (3.048 m/sec) descent rate.

Maximum Ramp Gross Weight for a 6-ft/sec

(1.829 m/sec) descent rate.

Calculate loads for the most critical weight

distribution of either

a.

b.

Design Passenger Payload, or

Weight Limited Payload = 1.5 x Design

Passenger Payload•

B. Design Speeds

The Mach-Altitude speed envelopes used as parameter

boundaries in structural load calculations are

shown in Figure 12.2-1. Theyare specifically

applicable to the .98 MC configuration. The

(VD/MD)-(Vc/Mc) speed increment is consistent

with the recommended change to FAR 25.335(b)

given in Subsection 12.1.1.2.

Stall Speed vs Wing Loading is defined in Figure

12.2-2 for flap deflection of zero, 20 degrees

(.35 rad), and 50 degrees (.87 rad). Flap design

speeds per FAR Part 25, Section 25.335(e), are

based on this data.

C. Load Factor

a. Takeoff and Landing Configuration = 2.0-g limit

b. Cruise Configuration = 2.5-g limit

D. Gust

Gus t

a.

loads are based on the most critical of

Ude = 50 ft/sec (15.15 m/sec) for discrete

gust analysis
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L

b. Ua ffi85 ft/sec (25.9 m/sec) for design

envelope analysis

E. Cabin Pressurization

Cabin pressure is based on the following _p(cabin)

schedule:

Altitude Range

Sea Level to

26,700 ft (8138 m)

Above 26,700 ft

(8138 m)

Ap(cabin), psi _/m 2) limit

14.7(10.135 x 104 ) - p(ambient)

9.64 (6.646x104 )

where (I) Ap(cabin) = p(internal) - p(ambient)

(2) Maximum limit dp_cabin) = 9.64 psi

(6.646 x 104 N/m z) based on

maintaining the cabin at 6,000 ft

(1829 m) altitude while flying at

45,000 ft (13,716 m).

F. Fail Safe

The minimum fail-safe requirement ffiI00 percent

limit design load with an ultimate factor of

safety of 1.0.

G. Fatigue

The Design Life and Usage Baseline Fatigue

Criteria are presented in Figure 12.2-3. They

are based on a 15-year.service life with a

scatter factor of 2 for fail-safe elements and

4 for non-fail-safe elements. As a result of

the mid-term re-direction by NASA, only the

Trans-Continental R_ate criteria are applicable

to Phase II of the study.

The Fatigue Loads Spectra for Taxi, Climbout,

Cruise, Descent, and Check Flight Operation are

illustrated in Figure 12.2-4. Data were obtained

from NASA documentation.
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H, Factors

Use approved handbook fitting factors for all

structural connections.

The ultimate landing factor of safety = 1.5 times

fitting factors.
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SECTION

D E S I G N L O A D S

13

ANALYS IS

Evaluation of the final transport configurations required

the determination of airframe weight for many hundreds of

airplane configurations. Not only did these weights need to

be realistic but also did the weight differences between

configurations need to be accurate so that the economic

analysis would yield correct data. Although the weights

calculation was necessarily a statistical-analytic process

because of the large number of configurations exercised,

considerable detailed structural analysis was performed that

required definition of design loads. These analyses along

with their purpose are summarized in Table 13.0-1.

Design loads in support of the structural analysis

effort were developed through an unsophisticated methodology

and engineering judgment. They were generally conservative

rigid-airframe loads, compatible with the preliminary-design-

type airframe definition and FAR Part 25. A description of

methodology, component by component, is presented in the

following subsections. Since detailed structural analyses

of the final selected configuration were not performed,
numerical loads values are not included.

13. I WING

Critical design loads were determined from an examina-

tion of the following conditions:

io Cruise Configuration Maneuver (2.5 g) at Ramp

Gross Weight.

2. High-Lift Configuration Maneuver (2.0 g) at

Ramp Gross Weight.

3. Cruise Configuration Gust at Ramp Gross Weight.

4. Cruise Configuration Gust at Zero Fuel Gross

Weight.

Spanwise airload distributions due to angle of attack for

Items I, 2, and 4 were assumed to be elliptical. Incremental

load factor was defined for gust for both tail on and tall

off. The high-lift-configuration air-load distribution
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was developed from NACA TN 3476 and had a center of pressure

slightly outboard of the elliptical distributions.

A down-acting tail load of 0.i nW, assumed necessary

for balancing of airplane pitching moment, was also included

as a contribution to the positive lift force acting on the

wing (theoretical) to maintain net (balanced) overall air-

plane aerodynamic lift.

Wing structural and fuel inertia loads were applied in

combination with the airload distributions.

13.2 FUSELAGE

For the Active Control System (ACS) study it was con-

cluded that the 2.5-g balanced symmetric maneuver and a l-g

sideslip condition in combination with pressure produces the

design fuselage loads. Gust loadings were determined to be

non-critical with the ACS operative. Air loads on the

fuselage itself were neglected.

Gust loads were critical for fuselage design for the

airplane not employing ACS gust alleviation.

13.3 HORIZONTAL TAIL

The critical horizontal tail load condition was selected

from a comparison of a 2.5-g balanced pull-up condition and

an arbitrary asymmetric load at 1.0 g. A minus .inW

horizontal tail balance load and an elliptical spanwise

load distribution were assumed.

13.4 VERTICAL TAIL

• The vertical tail design shear load was assumed to be

0.25 times the ramp gross weight, which is slightly (about

i0 percent) conservative compared with results based on the

lateral gust load equation of FAR Part 25, Section 25.351.

For the T-tail configuration, a uniform spanwise load distri-

bution was assumed, to account for the horizontal tail end-

plate effect. In addition to the lateral load, a rolling

moment due to asy_netric horizontal tail load was applied.
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SECTION 14

WEIGHT ANALYSIS

Weight analysis and summaries are presented for the

selected 0.90M and 0.98M configurations and the baseline

(0.82M) conventional transport. Standard AN group weight

coding has been utilized for component and subsystem

weights, as specified in MIL-STD-254 (ASG), given in all

tables, figures, and discussions in the following sub-

sections.

14 .i WEIGHT SUMMARIES

A weight comparison summary is presented in Table

14.1-1 to identify the weight variations evolved from con-

ventional aircraft into the 0.90M and 0.98M advanced tech-

nology aircraft. This summary reveals the individual weight

effects of employing composite materials, supercritical

aerodynamics, and active flight control systems. Component

and subsystem breakdowns for these configurations are shown

in Tables 14.1-2 through 14.1-6.

14.2 AIRFRAME

The process for obtaining structural weights for the

various components of the ATT matrix of configurations was,

first, to develop the weights for the conventional aircraft

materials (light-alloy) and, then, to convert to composite

(graphite) construction and, if required, adjust either or

both for the added effects of an active control system.

The procedures for calculating these weights are described

in detail in the following paragraphs.

The basic aluminum (light-alloy) structural weights

were calculated by a statistical-analytical procedure

developed and continuously modified by Convair through

research studies. The procedure in most part makes use of

preliminary design aerodynamics, geometric parameters, and

basic stress analyses. Because of the geometric extremes

represented in some components of the advanced aircraft

configurations, the stress analyses were used extensively

to reinforce and refine the statistical-analytical results.

In some instances, flutter and aeroelastic analyses were

used to define the incremental wing weight necessary to

meet the stiffness requirements. Table 14.2-1 shows, by
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TABLE 14.1-2 CONVENTIONAL AIRCRAFT WEIGHT SUMMARY

(See Table 14.1-1, Column i for Aircraft Description)

COMPONENTS POUNDS KILOGRAMS

STRUCTURE (94,260) (42,748)

Wing 36,070 16,358

Fuselage 32,170 14,590

Horizontal Tail 5,870 2,662

Vertical Tail 3,070 1,392

Landing Gear 12,530 5,683

Nacelles 4,550 2,063

PROPULSION SYSTEM (19,850) (9,002)

Engines 17,420 7,900

Water Injection System 275 125

Fuel System 1,820 825

Engine Controls 195 88

Starting Systems 140 64

SYSTEMS AND EQUIPMENT (42,080) (19,084)

Surface Controls 3,650 1,656

Landing Gear Controls 1,445 656

Instruments 1,740 789

Hydraulics & Pneumatics 2,120 961

Electrical 3,217 1,459

Avionics i_796 815

Furnishings 23,169 10,507

Air Conditioning 3,990 1,810

Auxiliary Gear 45 20

Auxiliary Power Unit 908 411

WEIGHT EMPTY 156,190 70,834

USEFUL LOAD (7,364) (3,340)

Crew 1,430 649

Unusable Fuel 354 161

Engine Oil 120 54

Passenger Service 5,460 2,476

OPERATING WEIGHT 163,554 74,174

PAYLOAD 40,000 18,140

ZERO FUEL WEIGHT 203,554 92,314

FUEL 100,281 45,479

WATER 965 438

GROSS WEIGHT
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TABLE 14.1-3 ADVANCED TECHNOLOGY AIRCRAFT WEIGHT SUMMARY

MACH .90, ALUMINUM

(See Table 14.1-1 Columns 2 & 3 for Aircraft

COMPONENTS

Description)

COLUMN 2 AIRCRAFT COLUMN 3 AIRCRAFT

POUNDS KILOGRAMS POUNDS KILOGRAMS

STRUCTURE (88,510) (40,140)

Wing 33,390 15,143

Fuselage 32,170 14,590

Horizontal Tail 4,050 1,837

Vertical Tail 2,900 1,315

Landing Gear 11,750 5,329
Nacelles 4,250 1,926

PROPULSION SYSTEM (18 _,j26j (8,311)

Engines 16,206 7,350

Water Injection System 260 118

Fuel System 1,525 691

Engine Controls 195 88

Starting Systems 140 64

SYSTEMS AND EQUIPMENT (41,635) (18,882)
Surface Controls 3,400 1542

Landing Gear Controls 1,370 622

Instruments 1,740 789

Hydraulics & Pneumatics 2,000 907
Electrical 3,217 1,459

Avionics 1,796 815

Furnishings 23,169 10,507

Air Conditioning 3,990 1,810

Auxiliary Gear 45 20

Auxiliary Power Unit 908 411
WEIGHT EMPTY 148,471 67,334

USEFUL LOAD (7,364) (3,340)

Crew 1,430 649

Unusable Fuel 354 161

Engine Oil 120 54

Passenger Service 5,460 2,476
OPERATING WEIGHT 155,835 70,674

PAYLOAD 40,000 18,140

ZERO FUEL WEIGHT 195,835 88,814

FUEL 88,995 40,361
WATER 910 413

GROSS WEIGHT 285,740 129,588

(81,670 (37,037)

28,130 12,757

31,330 14,209

3,860 1,751

2,790 1,265

11,390 5,166

4,170 1,891

(17,780) (8,063)

15,678 7,110
252 114

1,515 687
195 88

140 64

(42,283) (19,176)

4,153 1,884

1,315 597

1,740 789

1,950 884

3,217 1,459

1,796 815

23,169 10,507

3,990 1,810
45 20

908 411

141,733 64,278

(7,364) (3,340)

1,430 649
354 161

120 54

5,460 2,476

149,097 67,618

40,000 18,140

189,097 85,758

86,956 39,436
895 406

276,948 125,600
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TABLE 14. i-4 ADVANCED TECHNOLOGY AIRCRAFT

WEIGHT SUMMARY: MACH .90
COMPOS ITES

(See Table 41.1-1 Columns 4 & 5 for Aircraft Description)

COMPONENTS

COLUMN 4 AIRCRAFT COLUMN 5 AIRCRAFT

POUNDS KILOGRAMS POUNDS KILOGRAMS

STRUCTURE (65,820) (29,850)

Wing 22,320 10,122

Fuselage 25,210 11,433

Horizontal Tail 2,430 1,102

Vertical Tail 2,120 962

Landing Gear 10,280 4,662

Nacelles 3,460 1,569

PROPULSION SYSTEM (16,255) (7,372)

Engines 14,325 6,497

Water Injection System 235 106

Fuel System 1,360 617

Engine Controls !95 88

Starting Systems 140 64

SYSTEMS & EQUIPMENT (40,936) (18,565)

Surface Controls 3,080 1,397

Landing Gear Controls 1,216 552

Instruments 1,740 789

Hydraulics & Pneumatics 1,775 805

Electrical 3,217 1,459

Avionics 1,796 815

Furnishings 23,169 10,507

Air Conditioning 3,990 1,810

Auxiliary Gear 45 20

Auxiliary Power Unit 908 411

WEIGHT EMPTY 123,011 55,787

USEFUL LOAD (7,364) (3,340)

Crew 1,430 649

Unusable Fuel 354 161

Engine Oil 120 54

Passenger Service 5,460 2,476

OPERATING WEIGHT 130,375 59,127

PAYLOAD 40,000 18,140

ZERO FUEL WEIGHT 170,375 77,268

FUEL 78,749 35,714

WATER 820 372

GROSS WEIGHT 249,944 113,353

(62,980) (28,562)

20,070 9,102

24,870 11,279

2,390 1,084

2,060 934

10,180 4,617

3,410 1,546

(15,933) (7,226)

14,043 6,369

230 105

1,325 600

195 88

140 64

(41,658) (18,893)

3,830 1,738

1,213 550

1,740 789

1,750 794

3,217 1,459

1,796 815

23,169 10,507

3,990 1,810

45 20

908 411

120,571 54,681

(7,364) (3,340)

1,430 649

354 161

120 54

5,460 2,476

127,935 58,021

40,000 18,140

167,935 76,160

78,687 35,686

810 367

247,432 112,214
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TABLE 14. i- 5 ADVANCED TECHNOLOGY TRANSPORT

WEIGHT SUMMARY:MACH .98
ALUMINUM

(See Table 14.1-1 Columns 6 and 7 for Aircraft Description)

COMPONENTS

COLUMN 6 AIRCRAFT COLUMN 7 AIRCRAFT

POUNDS KILOGRAMS POUNDS KILOGRAMS

STRUCTURE (110,200) (49,977)

Wing 47,000 21,315

Fuselage 36,480 16,544

Horizontal Tail 4,580 2,077

Vertical Tail 3,280 1,488

Landing Gear 13,210 5,991

Nacelles 5,650 2,562

PROPULSION SYSTEM (22,330) (10,127)

Engines 19,725 8,945

Water Injection System 310 140

Fuel System 1,960 890

Engine Controls 195 88

Starting Systems 140 64

SYSTEMS & EQUIPMENT (42,498) (19,273)

Surface Controls 3,875 1,758

Landing Gear Controls 1,508 684

Instruments 1,740 789

Hydraulics & Pneumatics 2,250 1,020

Electrical 3,217 1,459

Avionics 1,796 815

Furnishings 23,169 10,507

Air Conditioning 3,990 1,810

Auxiliary Gear 45 20

Auxiliary Power Unit 908 411

WEIGHT EMPTY 175,028 79,377

USEFUL LOAD (7,364) (3,340)

Crew 1,430 649
Unusable Fuel 354 161

Engine Oil 120 54

Passenger Service 5,460 2,476

OPERATING WEIGHT 182,392 82,717

PAYLOAD 40,000 18,140

ZERO FUEL WEIGHT 222,392 100,857

FUEL 98,728 44,775
WATER 1,080 490

GROSS WEIGHT 322,200 146,122

(99,790) (45,256)

38,760 17,578

35,380 16,045

4,280 1,940

3,200 1,451

12,690 5,755

5,480 2,485

(21,541) (9,769)

19,056 8,642
300 136

1,850 839
195 88

140 64

(43,273) (19,625)

4,872 2,210
1,456 660

1,740 789

2,080 994

3,217 1,459

1,796 815

23,169 10,507

3,990 1,810
45 20

908 411

164,604 74,650

(7,364) (3,340)

1,430 649
354 161

120 54

5,460 2,476

171,968 77,990

40,000 18,140

211,968 96,130

95,397 43,264

1,035 469

308,400 139,863
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TABLE 14.1-6

(See Table 14.1-1,

ADVANCED TECHNOLOGY TRANSPORT

WEIGHT SUMMARY:MACH .98

COMPOSITES

Columns 8 and 9 for Aircraft Description)

COMPONENTS

STRUCTURE

Wing

Fuselage

Vertical Tail

Vertical Tail

Landing Gear

Nacelles

COLUMN 8 AIRCRAFT COLUMN 9 AIRCRAFT

POUNDS KILOGRAMS POUNDS KILOGRAMS

(79,120) (35,882)

29,400 13,333

28,450 12,902

2,720 1,234

2,580 1,170

11,440 5,188

4,530 2,055

PROPULSION SYSTEM (19,345) (8,773)

Engines 17,175 7,789

Water Injection System 270 122

Fuel System 1,565 710

Engine Controls 195 88

Starting Systems 140 64

SYSTEMS AND EQUIPMENT (41,545) (18,841)

Surface Controls 3,350 1,520

Landing Gear Controls 1,330 603

Instruments 1,740 789

Hydraulics & Pneumatics 2,000 907

Electrical 3,217 1,459

Avionics 1,796 815

Furnishings 237169 10,507

Air Conditioning 3,990 1,810

Auxiliary Gear 45 20

Auxiliary Power Unit 908 411

WEIGHT EMPTY 140,010 63,496

USEFUL LOAD (7,364) (3,340)

Crew 1,430 649

Unusuable Fuel 354 161

Engine Oil 120 54

Passenger Service 5,460 2,476

OPERATING WEIGHT 147,374 66,836

PAYLOAD 40,000 18,140

ZERO FUEL WEIGHT 187,374 84,976

FUEL 90,061 40,844

WATER 965 438

GROSS WEIGHT 278,400 126,258

(75,222) (34,114)

26,300 11,927

28,075 12,732

2,650 1,202

2,500 1,134

11,227 5,092

4,470 2,027

(19,189) (8,702)

17,064 7,738

265 120

1,525 692

195 88

140 64

(42,353) (19,208)

4,210 1,910

1,318 598

1,740 789

1,960 889

3,217 1,459

1,796 815

23,169 10,507

3,990 1,810

45 20

908 411

136,764 62,024

(7,364) (3,340)

1,430 649

354 161

120 54

5,460 2,476

144,128 65,364

40,000 18,140

184,128 83,504

88,752 40,251

960 435

273,840 124,190
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component, the basic parameters and the approximate number

of equations used in the statistical-analytical procedure

for a total airframe light-alloy structural weight buildup.

The stress/weight analyses performed to furnish data for

refinement or conformation of weights calculated by the

statistical/analytical procedures are summarized in Table

14.2-2. Although the final selected configuration wings

and fuselages are sandwich construction, these analyses,

performed before the decision to use sandwich, satisfactorily

establish the desired confidence in the ability of the basic

procedure to yield correct primary structural weight values.

The procedure defined above allows component structural

weights to be calculated for light-alloy (aluminum) only.

To obtain structural weights for these components when

designed with composite materials, a ratio of composite

weight to light-alloy weight was applied to the basic light-

alloy component weight. These ratios were obtained from

stress/weight analyses performed on both composites and

light-alloys for the various structural components, some on

advanced aircraft configurations and some on other comparable

structural studies (B-I and F-Ill). The ratios for the

various components of the Phase II selected configurations

are shown in Table 14.2-3. It should be noted that the

composite ratios remain constant, by component, for both

the Mach .90 and .98 configurations with the exception of

the wings, which vary as a function of the ratio of the wing

structural span to thickness. Tables 14.2-4 and -5 show the

weight of composite material used and the percentage this

weight is of the total component weight for the final

selected advanced aircraft configurations. The component

structural weights for these configurations are given in

Section 14.1. (Tables 14.1-2 through 14.1-6)

The application of an active control system to the

light-alloy- or composite-constructed airframe has been

assumed to influence the structural weights of only the

wings and fuselages. The structural weights of these com-

ponents were determined by applying to the appropriate basic

component weight (i.e., aluminum or composite), a ratio of

the ACS component weight to the basic material component

weight. These ratios were derived from the component stress/

weight analyses and the stiffness requirements as determined

by the DAEAC active control system studies. The ratios for

these components and materials are also shown in Table 14.2-3.
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t/c, ,_, A,

T, FTU

1.5Equations

SW

HORIZ. TAI L

I

FH, b, SliT,

tic, X, A, T,

FTU

6 Equations

LANDI NG GEAR

Percent of Gross

Weight
÷

FUSELAGE

SWETT, Lt, D,

H, T, FTU,

Cutouts, Engines

29 Equations

VERT. TAI L

FV, b', SVT

tlc, *, A, T,

FTU

5 Equations

EXTERNAL NACELLE

SN, SpyL, WNC,

BN, DN, T,

FTU

DC-10 Correlation

+ Engine Scaling

B
TOTAL

AIRFRAME

Table 14.2-1 Basic Parameters for Statistical-Analytical Weight
Procedure
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Table 14.2-2

SUMMARYOF STRESS/WEIGHTANALYSES

Component

Wing

Wing

Wing -

Wing

Fuselage

Horizontal

Tail

Horizontal!

Tail

Vertical

Tail

Type of Structure

Multi-Spar Plate

Multi-Spar Plate

(alum)

Multi-Spar Sandwich

(compos ire)

3-Spar Plate-Stringer

(alum & composite)

Multi-Spar Sandwich

(composite)

3-Spar Plate-Stringer

(alum & composite)

Skin Stringer

Sheet Stringer

Multi-Spar Sandwich

(compos i re)

Sandwich

Sandwich

Purpose

• Statistical weight correla-

tion

• Stiffness data for flutter

analysis

• Member sizing & weight

• Weight savings in expanded

root

• Vibration modes & frequen-

cies

• 100% and reduced strength

member sizes for active

control system study

• Satisfy stiffness require-

ments and optimizing

composite filament

orientation

• 100% and reduced strength

skin gages and stiffness for

DAEAC active control system

study

• Confirm statistical weight

& generate stiffness for

active control system study

• Member sizes & stiffness

for DAEAC active control

system study

• Member sizes & stiffness

for DAEAC active control

system study

• Stiffness for DAEAC active

control system study

323



TABLE 14.2-3 STRUCTURAL WEIGHT RATIOS FOR

COMPOSITE AND ACTIVE CONTROL

SYSTEM EVALUATIONS

Mach

No•

0.90

0.98

I Component

Wing

Fuselage
Horiz.Tail

Vert.Tail

Land.Gear

Nac./Pyl.

Wing

Fuselage
Horiz.Tail

Vert.Tail

Land• Gear

Nac./Pyl.

Composite Wt

Light-Alloy Wt

.746

•801

.75

•80
m

.90

Ratio

Li_ht-Alloy ACS Wt

Light-Alloy Wt

.871

.98

•717

•801

•75

•80

.90

.871

.98

Composite ACS Wt

Composite Wt

.912

.99

.912

.99
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TABLE 14.2-4 SIR_4ARY OF COMPOSITE USAGE FOR MAtH 0.90

SELECTED CONFIGURATIONS WITH SUPERCRITICAL WINGS

Configuration Description

Active Control System

Area-Ruled Fuselage

Engine Identification

Engine Scale

Sw (Wing) ft 2
(m2)

tlc ¢ c12 (Wing)

..A_ c12 (Wing) deg

(tad)

/_. (Wing)

W/S (Wing) Ib/ft 2

(kg/m 2)

None

No

P &W STF

-429

O. 565

1990.0

(184.9)

0.1415

36.0

(0. 554)

9.0

125.6

(613.2)

Full

No

P&W STF

-429

O. 560

1970.0

(183.0)

0.1415

36.0

(0. 554)

9.0

125.6

i (613.2)

Composite Usage

Component

Wing

Fuselage

Horizontal Tail

Vertical Tail

Landing Gear

Nacel_es

Total

Weight of

Composite

Used

lb (kg)

10180

(4620)

14270

(6470)

1220

(550)

790

(360)

380

(170)

26840

(12170)

% of

Component

Weight

45.61

56.60

50.20

37.26

10.98

40.78

Weight of % of

Composite Componen_

Used Weight
ib (kg)

8110

(3680)

13980

(6340)

1190

(540)

770

(350)

380

(170)

24430

(11080)

40.41

56.21

49.79

37.38

11.14

38.79

Full

No

P & W STF

-433 15 db

0.568

2005.0

(186.3)

0.1415

36.0

(0.554)

9.0

125.6

(613._2)

Full

No

P & W STF

-433 max db

0.724

2100.0

(195.1)

0.1415

36.0

(0.554)

9.0

125.6

(613.2)

Weight of Z of

Composite Component

Used Wel_ht

ib (kg)

8290

(3760)

14020

(6360)

1220

(550)

790

(360)

390 11.27

(180)

24710 38.69

(11210)

40.4_

56.17

49.59

37.26

Weight of % of

Composite Component

Used Weight
ib (kg)

! 8710 40.40

(3950)
I I

14280 t 56.24

(6480)

1310 49.81

(590) I

1020 37.64

(460)

500 ii. ii

(230)

25820 38.17

(11710)
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TABLE14.2-5 SUMMARY OF COMPOSITE USAGE FOR MACH 0.98

SELECTED CONFIGURATIONS WITH SUPERCRITICAL WINGS

Configuration Description

Active Control System

Area-Ruled Fuselage

Engine Identification

Engine Scale

Sw (Wing) ft 2

(m2)

tlc_c/2 (Wing)

_2%.. c/2 (Wing)

_a (Wing)

w/s

deg

(tad)

(Wing) Ib/ft_

(kg/mz)

None

Yes

P & W STF

-429

0.669

2320.0

(215.5)

0. ii0

40.0

(0.698)

8.0

120.0

(585.8)

Full

Yes

P & W STF

-429

0. 662

2282.0

(212.0)

O. 110

40.0

(0.698)

8.0

120.0

(585.8)

Full

Yes

P & W STF

-433 15 db

0.670

2325.0

(216.0)

0. ii0

40.0

(0.698)

8.0

120.0

(585.8)

Full

Yes

P & W STF

-433 max db

0.786

2355.0

(218.8)

O. llO

40.0

(0.698)

8.0

120.0

(585.8)

Composite Usage
i

Component

Wing

Fuselage

Horizontal Tall

Vertical Tall

Landing Gear

Nacelles

Total

Weight of

Composite

Used

Ib (kg)

15550

(7050)

16070

(7290)

1340

(610)

960

(430)

500

(230)

34420

(15610)

] Z of
_Component

WeiRht

52.89

56.48

49.26

37.21

11.04

43.50

Weight ofi

Composite

Used

ib (kg)

12700

(5760)

15750

(7140)

1310

(590)

930

(420)

490

(220)

31180

(14130 )

% of

Component

Weight

48.29

56.11

49.43

37.20

19.96

41.4

Weight of
Composite

Used

ib (kg)

12940

(5870)

15800

(7170)

1340

(610)

95O

(430)

5OO

(230)

31530

(14310)

% of

Component

Weight

48.28

56.09

49.26

37.25

ii.01

41.34

Weight of

Composite
Used

tb (kg)

13140

(596O)

15930

(723O)

1370

(6_0)

1060

(480)

590

(270)

32090

(14560)

Z of

Component

Weight

48.31

56.27

49.28

37.32

10.97

41.02
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14.3 PROPULSION

14.3.1 Power Plant

The Pratt and Whltney STF-429 engine was selected to

provide the best overall propulsion subsystem for the

advanced technology aircraft. The weights have been derived

from scaling data supplied by the manufacturer. The basic

installed engine weight of 7000 Ib (3174.6 kg) includes the

following items:

I. Fuel control system, including pump, filter,

heater, speed control unit, etc.

o

3.

4.

5.

6.

7.

8.

9.

Ignition system

Composite fan blades

Blade containment

Commercial design criteria (life, LCF, etc.)

Austerity gearbox

Oil tank, fuel/oil cooler

Airframe bleed provisions

Internal front mount.

The following items are not included:

i. Fan ducting

2. Acoustic treatment

3. Thrust reverser

4. Tailpipe or tailcone

5. Nose spinner

6. Provisions for water injection.

Engine installation layouts were made and surface areas

obtained to develop weights for all of the equipment not

supplied by Pratt and Whitney Aircraft.
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For an engine scale of 1.0 the following weights were
used for the STF 429 engine:

WEIGHT - pounds (kilograms)

Basic Engine 7000
(3174.6)

Thrust Reverser 1060
(480.7)

Nozzle and Tailcone 218

(98.9)

Provisions for Water Injection 40

(18.1)

Nose Spinner 8

• (3.6)

Total Basic Engine 8326

(3775.9)

A scaling data plot of relative engine size versus

relative engine weight, supplied by Pratt and Whitney Air-

craft, was used to establish weight for the above items.

From engine installation drawings, scaling data for the

inlet and fan ducting, including acoustic treatment, weights

were developed. The values are as follows:

WEIGHT - pounds (kilograms)

STF 429 Engine Scale = 1.0

Inlet Duct and Splitters

Fan Ducts and Splitters

415

(188.2)

370

(167.8)

Total Ducts and Acoustic

Treatment 785

(356)

14.3.2 Water Injection System

This system is required to reduce engine gaseous

pollutants at takeoff thrust. Water for two minutes at a

flow rate of 14,500 ib/hr (6,576 kg/hr) is required for the

STF-429 scale 1.0 engine. Scaling data based on engine

thrust and amount of water required for one takeoff was

developed for the weight of this system. The water weight
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is an expendable item and is listed with fuel in the various
weight sunmmries shown.

14.3.3 Fuel System

Weights for the fuel system are based on the following
parameters, with a typical weight breakdown shown for an
advanced technology aircraft:

WEIGHT - pounds (kilograms)

i. Integral tank bay sealing

2. Booster and transfer pumps

3. Distribution and transfer

system

4. Ground refueling

5. Dump and drain

6. Vent and pressurization

7. Purging and miscellaneous

25O

(113.4)

265

(120.I)

480

(217.7)

115

(52.2)

55

(25.0)

165

(74.8)

195

(88.4)

Total 1525

(691.6)

14.3.4 Engine Controls

The weight analysis for the engine controls was

established by the number and locations of engines and the

airplane size. An estimate of 195 ib (88.4 kg) was used

for all of the final configurations.

14.3.5 Starting Systems

Conventional air-turbine starters are used in this

system. A weight study based on existing systems was made,

and an estimate of 140 ib (63.5 kg) was calculated from

engine size and location for all of the final configurations.

k. •

329



14.4 SYSTEMS AND EQUIPMENT

14.4.1 Surface Controls

The advanced (active) flight control system employs

fly-by-wire techniques in the selected configurations. The

availability of statistical data for this mode of control

required that the weight analysis be made in two steps.

Initially, conventional and existing aircraft designs were

evaluated for a total system weight based on overall air-

craft size and gross weight. Finally, surface control

areas were derived from layouts, and the surface control

weights were calculated. Additional equipment and controls

are required for an active control system, and their weights

were developed for increased operating velocities and

pressure. The active control system design features were

developed in systematic steps that involved weight penalties

and reductions in the airframe structural weights. These

features were evaluated for the best payoff in the total

flight envelope, from flutter-free with maximum fuel to

flutter-free with minimum fuel. The weight penalties for

an active control system have been added to the surface

control group, although a part of this weight should be

coded into the hydraulic system group for the increased

plumbing and fluid that will be required.

A typical weight breakdown for the surface control

group as analyzed for the M .98 selected configuration is
as follows:

WEIGHT - pounds (kilograms)

Cockpit Controls

Autopilot

Primary Flight Controls

Secondary Flight Controls

Active Control System (Delta)

80

(36)

170

(77)

1936

(878)
1064

(483)
960

(435)

Total Group 4210

(1909)
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_ 14.4.2 Landing Gear Controls

A conventional gear control system has been used for

all of the configurations, and the weights shown are for

gear retraction, brake and steering operation, and emergency

extension.

14.4.3 Instruments and Navigational Equipment

A constant value of 1740 ib (789 kg) has been used for

the advanced technology aircraft. A functional weight

breakdown for this group is as follows:

WEIGHT - pounds (kilograms)

Flight Instruments 150

(68)
Flight Director and Warnings 190

(86)
Engine Instruments and Warnings 560

(254)

Surface Position Instruments 200

(91)

Cabin Warning and Controls 340

(154)

Emergency and Miscellaneous 300

(136)

Total Group 1740

(789)

14.4.4 Hydraulics and Pneumatics

The arrangement of systems and power sources for the

hydraulic and pneumatic systems provides redundancy to

accept the single-, dual-, and triple-hydraulic-system

requirements for the powered flight controls. Multiple,

independent power systems plus an auxiliary power source

has been provided. A typical weight breakdown is shown
below:
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WEIGHT - pounds (kilograms)

Primary and Utility Pumps 250

(113)

Reservoirs and Accumulators 154

(70)
Valves and Controls 160

(73)

Plumbing 309

(140)

Fluid in System 375

(170)

Pneumatic Heat Exchanger and Ducts 662

(300)
Supports 50

(22)

Total Group 1960

(888)

A part of the active-control-system weight penalty in the

surface control group is for additional hydraulic system

weight.

14.4.5 Electrical Group

A constant value of 3217 ib (1459 kg) used for all of

the configurations is based on the following analysis:

WEIGHT - pounds (kilograms)

AC Power Generating Equipment

and Power Supply

DC Power Source and Conversion

AC Power Distribution

DC Power Distribution

Lights and Signals, etc.

Miscellaneous

675

(306)

165

(75)

800

(363)

95

(43)
1460

(662)
22

(lO)

Total Group 3217

(1459)
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14.4.6 Avionics Group

A constant weight of 1796 ib (815 kg) used for the

avionics group for all of the advanced transports is based

on the following analysis:

WEIGHT - pounds (kilograms)

Communication and Radar Equipment 380

(173)
Installation 170

(77)

Navigation - Conventional Equipment 180

(82)

Installation 80

(36)

Navigation - International

Equipment 230

(104)

Installation 104

(47)

Data Acquisition Equipment 97

(44)
Installation • 44

(20)

P. A. System Equipment 239

(108)
Installation 100

(45)
Interphone - Service Equipment 70

(32)

Installation 30

(14)
Interphone - Flight Equipment 50

(23)

Installation 22

(10)

Total Group 1796

(815)

14.4.7 Furnishings

The furnishings group weight analysis is based on

accommodations for personnel, furnishings equipment, and

emergency equipment. A weight sunmmry is shown for the
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40,000-1b (18,140 kg) payload (195 passenger) airplanes

with a four-man crew and five stewardesses:

WEIGHT - pounds (kilograms)

Seats 7446

(3377)

Utility Trays 45

(20)

Lavatories and Water System 1319

(598)

Galleys and Water 3887

(1763)

Oxygen System 173

(78)
Instrument Panels and Consoles 255

(116)
Storage Provisions 184

(83)
Cargo Handling System 1137

(516)

Insulation and Floor Covering 2181

(989)

Coatrooms 676

(307)

Partitions, Window Shades, and

Doors 830

(376)
Sidewall Paneling 802

(364)

Overhead Storage 1085

(492)

Ceiling 1214

(551)

Lining and Upholstery 133

(60)

Cargo Compartment Lining 1191

(540)
Firex System 390

(177)

Emergency Equipment 221

(lOO)

Total Group 23,169

(10,507)
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14.4.8 Air Conditioning and Anti-Icing

The weight analysis for this group is based on the

heating and cooling load for 195 passengers and 9 crew

members. Anti-lcing is provided for the windshields,

nacelles, andwing and empennage leading edges, as required.

The weight analysis made for each configuration is as
follows:

WEIGHT - pounds (kilograms)

Pressurization System

Ventilation System

Cargo Compartment Heating

Cooling System

(Includes Engine Bleed Ducts)

Ground Air Supply Provisions

Anti-Icing

265

(120)
205
(93)

195

(88)

2690

(1220)

35

(16)

6O0

(273)

Total Group 3990

(1810)

14.4.9 Auxiliary Gear

A handling gear weight allowance of 45 Ib (20 kg) has

been estimated for the advanced technology airplanes.

14.4.10 Auxiliary Power Unit

The installed auxiliary power unit weight used on all

of the advanced technology airplanes is broken out as follows:

WEIGHT - pounds (kilograms)

Engine and Supports

Generator and Controls

Inlet and Exhaust Ducts

305

(138)

120

(54)

186

(84)

335

l



Starting System 30

(14)
Acoustic Treatment and Enclosure 188

(85)
Fuel System 34

(15)
Fire Detection and Extinguishers 45

(21)

Total Group 908

(411)

14.5 USEFUL LOAD

14.5.1 Crew

A four-man flight crew at 195 ib (88 kg) each and

five cabin attendants at 130 Ib (59 kg) each has been

assumed for each of the advanced technology configurations.

14.5.2 Unusable Fuel

A weight estimate for 53 gallons (200 i) or 354 ib

(161 kg) has been used for all of the advanced airplanes.

14.5.3 Engine Oil

An engine oil consumption rate of 1.5 ib/hr (.68 kg/hr)

per engine has been indicated by the engine manufacturer.

At this rate, an oil allowance for four flights or 30 hours

of flight time has been assumed for all of the configurations.

This is approximately 120 Ib (54 kg) of engine oil.

14.5.4 Passenger Service

A weight of 28 ib (12.7 kg) per passenger has been used

for all of the configurations shown. This weight is for food

and food service, drinking water, blankets and pillows,

magazines, toilet fluids, towels, paper supplies, and coat

hangers.

14.6 P&WA STF433-1985 ENGINES

The 1979 technology STF 429 engine is designed to

produce noise levels i0 EPNdB lower than the FAR Part 36

requirements at sideline, takeoff, and approach conditions,

with acoustic treatment on the inlet and fan duct areas and
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f"

their supporting structure. An additional engine, the

STF 433, based on 1985 technology, was also considered.

This engine will produce noise levels 15 EPNdB lower than

the FAR Part 36 requirements. The weights for airplanes

utilizing this engine are shown in Table 14.6-1. For

maximum reduction of the noise level, an additional air-

plane was sized and is also shown in Table 14.6-1. This

engine and airplane were sized for the same range and pay-

load as the selected M .90 and M .98 advanced aircraft.

14.7 BALANCE AND INERTIA DATA

A weight, balance, and inertia study of the M .90 and

M .98 advanced technology airplanes reveals that the center

of gravity for both versions will stay within the required

stability limits as specified in Section 9. A balance and

inertia sunmmry for the airplanes with takeoff and zero

fuel conditions is presented in Table 14.7-1. A typical

flight profile is discussed in Section 9 for the advanced

transport, showing takeoff, inflight, and landing balance

conditions.
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TABLE 14.6-1 WEIGHT SUMMARY FOR STF433-1985 ENGINES

NOISE LEVEL REDUCTION -15EPNdB _I_XIMUM -15EPNdB MAXIMUM

CRUISE MAC}{ NUMBER 0.90 0.90 0.98 0.98

ENGINES STF433 STF433 STF433 STF433

ENGINE SCALE .568 .724 .670 .786

WING AREA-Ft2(In 2) 2005 2105 2325 2355

(186.3) (195.1) (216.0) (218.8)

WEIGHTS - LB(KG)

STRUCTURAL WEIGHT 63,860 67,640 76,260 78,230

(28,961) (30,676) (34,585) (35,478)

PROPULSION SYSTEM

ENGINES 15,315 20,445 18,972 22,257

(6946) (9272) (8604) (10,094)

SYSTEMS 1,950 2,100 2,225 2,295

(884) (952) • (1009) (1041)

EQUIPMENT 41,761 42,031 42,486 42,623
(18,939) (19,062) (19,268) (19,330)

USEFUL LOAD 7,364 7,364 7,364 7,364

(3,340) (3,34o) (3,340) (3,340)
OPERATING WEIGHT 130,250 139,580 147,307 152,769

(59,070) (63,302) (66,806) (69,283)

PAYLOAD 40,000 40,000 40,000 40,000

(18,140) (18,140) (18,140) (18,140)
FUEL 80,710 83,080 90,673 88,641

(36,603) (37,678) (41,122) (40,200)

WATER 870 ii00 1020 1190

(395) (499) (463) (540)

GROSS WEIGHT 251,830 263,760 279,000 282,600

(114,208) (119,619) (126,531) (128,163)

338



X

X

Z

Z

r_

r-I

I

O_

0
O_

r_l

r,z,3

v

N

I-.I

I-I

N

X

I-I
r.z.1

E-i
z

Z
0

Q
0

O

r_

m
° _ _

r_
v

G
Z

v

O_

0 -
-0

or'..

0 -

og

_r_

r-,_ ¢,,,,I
_O

c,4v

_,,iv

O

_ °

Oeq
_,,iv

_,4v

i,,,,i

0

N

O0

m-I u"_

_O

r'_v

-0

_-r-.

A
O

_'4v

A

.,,2

_v

O _

_,4v

o,I _,4

P,- _,4

¢_4v

_4

t_
I,,,,I

O

Or,_.
0o0
0

,,.0 o'_

0

O_D
0

OO

o'1 -

u_v

o,,lO

O

r,,Iv

O

_-,I ¢,,1
_,,4v

c_O

_4
- ,,-4

,.,1

0

0,,_

r--_o

0
Ou_

-C'q

OaO

r--,_

u_v

u'_oO

0_,0

_u'3

O

t¢'3 e,"_
u'5_

_-,Iv

0

O0 -

c_ C',,I
I_,--I

C'd

I-(

0

339



MATERIAL

SECTION 15

SELECTION ANALYS IS

The principal material selection decision for this

aircraft configuration study was related to advanced com-

posites materials. The question was whether or not advanced

composite materials offer sufficient payoff for con_nercial

transport aircraft to warrant their use. This question was

resolved through a comparative design and cost study. One

aircraft configuration was selected, and two independent

designs were prepared in which the primary structural

materials were varied. In one, light-alloy metals were

used; in the other, advanced composites. Cost estimates

were then made for these two designs to determine the

relative costs of manufacturing commercial transport air-

craft. As a result of this design and cost study, graphite-

reinforced advanced composite materials were selected for

extensive usage on the selected airplane configurations

because of the cost savings realized. Study details are

given in the following subsections.

15.1 BASIC GROUND RULES

The aircraft configuration selected for this study is

shown in Figure 15.1-1. The airplane is similar to the

Mc = 0.98 selected configuration. It has a 19.5-ft (5.9 m)

maximum-diameter area-ruled fuselage approximately 180 ft

(55 m) long, and a 2500-ft 2 (232 mZ), 40-deg (0.698 rad)

swept-back wing at 6.4 aspect ratio and 0.Ii0 thickness

ratio (chord normal to the 50-percent chordline at the MAC).

The design payload is 40,000 ib (18,140 kg), and the design

gross weight is 300,000 ib (136,000 kg).

The engines, nacelles, landing gear, and empennage were

neglected. The study was concerned with design of the wing

and the fuselage between Station 200 and the aft pressure

bulkhead. This portion of the fuselage is approximately

127 ft (39 m) long, is circular throughout except in the main

wheel-well area, and has a diameter that varies between

14.5 ft (4.4 m) and 19.5 ft (5.9 m). The loads in this

fuselage section result mainly from body bending and cabin

pressure. The pressurized cabin loads criteria as presented

in FAR 25, Section 25.365, were applicable with the exception

of the modification to 25.365 as noted in Section 12.3 of

this report. The maximum limit cabin pressure was 9.64 psi
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(66.5 x 103 N/m2), which is based on maintaining a cabin

internal pressure corresponding to ambient at 6000 ft

(1820 m) of altitude while operating at from 25,700 ft

(8120 m) to 45,000 ft (13,700 m).

The significant wing design loads resulted from the

maximum 2.5-g limit load factor maneuver condition. The

airloads were based on an elliptical distribution and were

adjusted for inertia relief loads. The airload development

methodology is discussed in Section 13.

The cost study was based on the production of 250 air-

frames. The assumed design go-ahead date was I January 1978,

with certification on i January 1981. The maximum production

rate was six aircraft per month, with deliveries complete

in 1985. The RDT&E phase was assumed to be complete by

design go-ahead, and no costs associated with this work were

to be included in the airplane price.

15.2 MATERIALS SELECTED

The pertinent characteristics of the materials selected

for the two airframe designs are discussed below.

15.2.1 Light Alloy

The light-alloy material selection was performed in a

systematic manner. Typical comparison and evaluation sheets

used to select the most applicable alloy are shown in Figures

15.2-1 and 15.2-2. The data are for the wing upper and lower

skins in which three promising aluminum alloys are shown.

This same format was used in alloy selection for other

elements in both the wing and fuselage.

The 7475-T7351 material was selected for the wing lower

skins because of its high fracture toughness, excellent

exfoliation properties, and relatively good fatigue strength.

For the wing upper surface, the 7475-T7651 material was

selected over the 7075 material because the 7475 material

has better fracture toughness and equivalent fatigue and

exfoliatlon properties. It should be noted that the critical

crack lengths noted on the evaluation sheets are based on

using KC values greater than KIC values because, for the

thicknesses involved, the plane stress rather than plane

strain failure mode was considered applicable.
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Critical crack lengths for a given stress (ac) were

calculated from the equation

Kc
G= =

where ac is one-half the surface length of a through crack

and Kc is the plane stress intensity factor for the thickness

applicable. K c values for 0.25-in. (0.635 cm) to 0.5-in.

(1.27 cm) thickness were conservatively estimated from

preliminary Alcoa values at 0.090-in. (0.229 cm) thickness

and constructed curves of KIC and KC vs thickness.

15.2.2 Advanced Composites

For this study, advanced composite materials refers to

those materials reinforced with boron and graphite filaments.

Advanced composite materials technology began development in

the 1960's as the specific strength and specific modulus

characteristics shown in Figure 15.2-3 began to be developed

and recognized. Since January 1967, there have been several

primary and secondary structure hardware demonstration

components developed and flight tested, such as the F-ill

horizontal stabilizer and secondary wing structure, F-4

rudder, C-SA wing leading-edge slat, and 707 wing foreflap.

Today there are production advanced composite parts on the

F-Ill and F-14 and scheduled for the F-15.

The static strengths and moduli are shown in Figure

15.2-3 to be superior to most other candidate structural

materials. Fatigue characteristics of the basic composite

materials in useful structural orientations have also been

shown to be superior to other structural materials. It is

known that advanced composite materials require protection

from lightning strike, erosion, and moisture absorption,

but other aircraft environments have no adverse effect on

the material, and no particular environmental problem has

thus far been found with the articles that are currently in

flight test or production use.

One of the interesting features of composite materials

is the broad range of performance characteristics that can

be realized with proper laminate design. One result of

investigating this range of characteristics appears to be

the possibility of arresting crack damage occurring in the

laminates.
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The technique of fabricating a laminate with crack-

arresting capability is demonstrated by the model shown in

Figure 15.2-4. A structural element carrying primarily

axial tension in a high-modulus laminate contains low-modulus

strips of width W 2 spaced W I apart. The residual strength

of the primary laminate initially containing a slit of

length 2L is predicted by

_Cl =

where KQI is the critical stress intensity factor of the

primary laminate and aCl is the critical stress above which

the flaw propagates as a fast crack, i.e., one which propa-

gates at constant applied load as in a static test.

As the fast crack enters the low-modulus strips, the

new value of critical stress isgiven by

_2

_C2 ffi_ Wl7r--

2

where KQ2 is the critical stress intensity factor of the

low-modulus strips and Gc2.isthe critical stress above which
the fast crack propagates in the low-modulus material.

If the stress, _2' in the low-modulus material is

sufficiently below _C-' the crack will arrest. The area of
the remaining primaryZlaminate is intact and capable of

sustaining the required fail-safe load level.

The stresses in the high- and low-modulus areas are

related by

¢I = E1

_2 E2

where E1 and E 2 are the extensional moduli of the two areas.

The criterion for attaining a fail-safe laminate con-

taining a slit of length 2L becomes

:wl+ 2w2
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A similar development for a laminate containing a

circular hole yields the following fail-safe criterion:

2 2 2

2

Here (a) and f(_) define the behavior of a laminate con-

taining a circular hole subject to uniaxial tension

(Reference 15-1).

The feasibility of the arrestment concept has been

demonstrated in static tests of tensile specimens configured

s shown in Figure 15.2-4. The Iprimary laminate was

,,0/+45°(+'--_ 78 tad),/90°(1.57 rad),_ 2__ boron-epoxy with

[+45o(+.78 rad)14S boron-epoxy low-modulus strips. The

d_mens_ons W I and W 2 were 2.0 in. (5.08 cm) and 1.0 in.

(2.54 cm), respectively. Experimental results obtained to

date are shown in Figure 15.2-5. These results are pre-

dictable by the above analysis techniques and have been

duplicated in graphite-epoxy. One of the arrested fast

cracks is shown in Figure 15.2-6.

Incorporating these approaches to structural design of

fuselage and wing hardware with composites will enhance the

safety and weight considerations of advanced composites

applications. There are several elements of this particular

phase of the technology in current development and research

activities throughout the industry.

The composite material selected for evaluation of th_

design and cost study was a graphite-fiber-reinforced plastic.

The plastic could be either epoxy or polyester. Graphite

reinforcement was selected over boron because of an antici-

pated lower total aircraft system cost. Although boron

preceded graphite in the technology development, many of

the structural graphite-reinforcedmaterials are already

lower in cost than the boron, with even lower graphite costs

predicted as sales volume continues to increase. A second

source of lower total costs with graphite is in the manufac-

ture of hardware. Graphite preimpregnated materials are

more easily shaped to complex contours during lay-up and are

less difficult to machine in cured shapes so that the manu-

facturing costs are lower than those resulting from use of

boron-reinforced materials.
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The graphite-fiber-reinforced preimpregnatedmaterial
assumed available in this study will develop acceptable
mechanical properties when cured at a temperature not

exceeding 250OF (394°K) in a vacuum-bag environment and over

a time span not exceeding 3 hr. The tape material for large

parts such as wing and fuselage skins will be 24 in. (.61 m)

wide, weighing approximately 165 ib (74.6 kg) in a roll

1320 ft (402 m) in length. The material will be delivered

to the work area daily without having to undergo a low-

temperature, extended storage stage.

15.3 COMPARATIVE DESIGNS

Particular designs were developed for light-alloy and

advanced-composite fuselages and wings to serve as a basis

for weight and cost comparisons.

15.3.1 Light-Alloy Design

15.3.1.I Fuselage

The llght-alloy fuselage structural arrangement shown

in Figure 15.3-1 is typical of the latest llght-alloy design

concepts.

A material evaluation and selection process similar to

that carried out for the wing and discussed in Subsection

15.2.1 was performed for the fuselage. The resulting llst

of materials for the fuselage is as follows.

Fuselage Element Material-Condition

Upper Skin

Side Skin

Lower Skin

Upper Stringers

Lower Stringers

Upper Longerons

Lower Longerons

Frames (Formed)

Bulkheads (Machined)

Forgings

Crack Stoppers

7475-T761

7475-T761

7475-T761

7475-T761

7075-T76

X7050-T73511

X7050-T73511

7475-T761

7475-T7351 or

XTOSO-T73651

7075-T73 or

X7050-T73 or

7175-T736 or

7049-T73

6AL-4V (Titanium)
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The 7475-T761 sheet material was selected over 2024-T3

material for skins and frames because of its better exfolia-

tion resistance, critical crack length, and high tension

ultimate.

For extrusions, the X7050 material strength is equivalent

to 7075-T6511, and it has much better stress corrosion resist-

ance and fracture toughness. Although 7075-T73 extrusions

have slightly better stress corrosion resistance, the X7050

material is preferred because it has higher strength and

equivalent fracture toughness and exfoliation resistance.

The forging selection is not quite so clear-cut. For

forgings up to 3.0 in. (7.62 cm) maximum, the 7075-T73 is

preferred over the 7175-T73 because of lower cost. The

7175-T736 heat-treat material is a single-source product.

However, the 7175-T736 does have higher strength and higher

fracture toughness. Both X7050-T73 and 7049-T73 are competi-

tive with the 7075-T73 material in the thinner forgings.

For hand and die forgings greater than 3 in. (7.62 cm), both

X7050-T73 and 7049-T73 are acceptable, but the X7050 does

have slightly higher strength and stress corrosion resistance.

15.3.1.2 wing

The major emphasis of the wing analysis effort was

applied to the primary structure box. The structural

arrangement of the llght-alloy wing is presented in Figure

15.3-2. The structural definition for this configuration

was developed largely from a more detailed analysis performed

on the original high-performance 0.98M configuration. A

comparison between plate-stringer, thick-plate/multi-spar,

and sandwich panel designs showed the plate-stringer design

to be the more efficient from a weight and manufacturing

standpoint. As was the case with the fuselage, the light-

alloy design features the latest concepts of construction

in the transport industry.

The wing-box materials selection, based on the type

analysis described in Subsection 15.2.1, is as follows:
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Win_ Element Material Condition

Upper Skin

Lower Skin

Upper Stringer

Lower Stringer

Spar Web-Built-Up

Spar Caps-Extrusion

Rib Webs

Rib Caps

Forgings

7475-T7651

7475-T7351

XT050-T73511

X7050-T73511

7475-T7651

X7050-T73511

7475-T7651

X7050-T73511

7075-T73 or

X7050-T73 or

7175-T736 or

7049-T73

15.3.2 Composite Design

15.3.2.1 Fuselage

The composite fuselage structural arrangement is shown

in Figure 15.3-3. The fuselage passenger cabin section is

designed to be manufactured in three basic skin panels, each

approximately 127 ft (39 m) long. A skin splice is located

on the top centerline and one along each side at approxi-

mately the 120-deg (2.09 tad) point. The strength and weight

studies dictated the lower panel to be of sandwich construc-

tion stabilized only with frames. The upper two panels were

initially laminate skins with stiffeners and frames very

similar to concepts employed with conventional llght-alloy

materials. Additional studies proved this method to be

inefficient in composites from a manufacturing approach, and

marginal in weight efficiency when compared to all sandwich

panel construction. Therefore all three skin panels are

finally of sandwich construction. The external and internal

facings are graphite laminate with the orientation and

thickness tailored to provide the required load-carrying

capability (Figure 15.3-4). The core provides buckling

stability for the skins and is filled with foam to provide

thermal and acoustic insulation and maybe fire resistance.

Sandwich construction is acceptable for advanced

composites but perhaps not for light-alloy applications in

large structure because of the differences in manufacturing

approaches. A co-cured bonding concept (described in Sub-

section 15.3.2.3) permits the fit of core and skins to be

accomplished while the skin is uncured and still flexible.

This procedure allows the skins and core to conform prior to
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bonding and curing and produces good quality bonds. For

sandwich bonding of the light alloy skins, great care must

be taken to insure good fit between the core and the stiff

skins or else areas of poor bonds or voids will result.

These problems have prevented extensive use of sandwich

construction with light alloy skins but should not be present

in sandwich construction with co-cured advanced-composite

skins.

Frames are located at approximately 20-in. (0.508 m)

spacing to provide overall shell buckling stability. The

frames are glass fabric with graphite reinforcing plies

added to the cap. All frames are bonded to the skin panels.

The bond attachment at approximately every fourth frame and

in other local areas is reinforced with fasteners through

the frame flange and inner skin face.

The basic shell structure is cut out at the wing box and

main wheel well area. Addition of concentrated material in

the form of longerons is necessary in this area to provide

load-path continuity. The longerons are basically thick

sections of longitudi_ally oriented (zero deg.) graphite

plies in the basic skin lay-up.

Major bulkheads are required in the fuselage close to

the forward and aft wing spar locations to distribute the

concentrated loads into the basic skin panels. The feasibil-

ity of composite application to concentrated bulkhead load

introductions of a similar type was firmly established in

the Phase I Air Force Materials Laboratory fuselage program

(Reference 15-2) wherein a bulkhead was successfully designed

to introduce concentrated loads in the 120,000-1b (532 x 103 N)

range through metallic-reinforced composite lugs.

The core in the upper two fuselage panels is omitted in

the window belt area, as shown in Figure 15.3-5. Appreciably

thicker basic skin laminate is required in this area because

of the large number of window cutouts, thereby deleting the

requirement for honeycomb core. The frame arrangement in

this area is typical, with the frame inside radius remaining

constant and the frame depth increasing slightly to accou_o-

date the decreased skin panel thickness.

The main upper deck and lower cargo floor, both of

composite sandwich panel design, employ existing manufacturing

techniques in their fabrication and installation.
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15.3.2.2 Wing

The most efficient usage and, consequently, the greatest

benefit which can be derived from the use of composite

material in the wing is related to the unique tailoring of

the material strength and stiffness characteristics

Therefore, both strength and stiffness requirements were

considered in the design. The stiffness requirements were

derived from the detailed analysis work which was performed

on the original high-performance 0.98 M c configuration.

The philosophy applied in the wing design was to develop

a producible, cost-effective concept that was structurally

reliable. A driving factor was to take maximum advantage of

the continuous property of composites by designing structural

elements to be as large as possible. Manufacturing concepts

are particularly oriented to the large-continuous-structure

approach. Each competing design idea was evaluated to

determine which was the most producible and cost effective

from a manufacturing standpoint. The designs were revised

as necessary to effect the best manufacturing producibility.

This interaction between design and manufacturing developed

a wing which met the goal of a structurally sound wing that

was more producible and more cost effective than a conven-

tional metal wing.

The wing is a continuous structure from tip to tip with

one-piece skins, as shown in Figure 15.3-6. Spars are made

in one piece from the wing-fuselage intersection to the tip.

The decision to utilize two spars from the wing box rather

than three is based upon the desire to limit the number of

holes to be placed in the wing skins. This approach simpli-

fies the design procedure through elimination of stress

concentrations and lowers the manufacturing costs through

the reduction in attachment points. A third spar would

complicate the manufacturing procedure through the intro-

duction of aft-bay access holes, interfere with the flap

drive mechanisms, and require many rib-to-spar and fuel-

bulkhead-to-spar joints. All of these features would result

in strength problems and their associated weight penalties.

The attachment of skins to front and rear spars by

mechanical fasteners was necessitated by the high shear

associated with these members. Since the graphite wing-skin

laminates contains a high fraction of filaments in the primary

load direction, the pressure of holes for mechanical fastening
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creates stress concentrations with a large reduction of

tensile strength and low transverse strength, resulting in

poor resistance to splitting and shear-out. Chordwise stress

levels can be reduced on a gross basis by adding material,

but the optimum solution to this problem is to provide

strain-tolerant strips consisting of i00 percent of _ 45-deg

(_.78 tad) plies locally along the bolt lines while retaining

the primary structural laminate elsewhere. A discussion of

the crack arresting capabilities of strain tolerant strips

has been presented in Subsection 15.2.2.

This arrestment technique is particularly applicable to

the proposed wing concept for two reasons, both of which

serve to reduce the weight penalty incurred by inclusion of

buffer strips. First, as shown in Reference 15-3 and 15-4,

it is advantageous to include low-modulus strips in the wing

skin at the spar locations. This has the effect of elimi-

nating the stress concentration of mechanical fasteners.

With slight modification, these strips could serve a dual

purpose by acting as crack arresting buffer strips. Second,

the majority of the wing skin is stiffness-critical rather

than strength-critical. This reduces operating stresses,

which allows wider spacing of the buffer strips than is

possible in a strength-critical component.

The wing primary structure, i.e. wing-box skins, ribs,

and spars are the same type design as described in Subsection

7.2.2; only dimensional differences exist. Several specific

additional facts are pertinent to the detailed weight and

cost study. They are summarized as follows:

l. At the wing fuselage intersection, the maximum

aft spar shear is 18,350 ib/in. (3.19 x 106 N/m)

and the maximum front spar shear is 6,240 ib/in.

(1.085 x 106 N/m) limit.

. The wing spar heights vary from 5 ft (1.52 m) at

the inboard end to I ft (0.305 m) at the tip.

. The internal fuel pressure requires more exten-

sive sandwich and edge member support in the

fuel pressure bulkheads. The usage of fasteners

in the fuel-bulkhead-to-wing-skin attachments

outboard of the engine-maintaining bulkheads

requires inner-skin chordwise buildups to reduce

working stresses.
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In the case of high-lift devices, three elements of the

wing leading- and trailing-edge structure were selected for

a cursory design and cost evaluation: the flaps, the vanes,

and the Kruger slat nose (Figure 15.3-7). Design concepts

are the same as described for these surfaces in Subsection

7.2.3. Other elements such as the spoilers, leading-edge

skin, and air director doors can be readily made from advanced

composites because parts similar to these have already been

manufactured. Because of this, these elements were not

treated in this design study.

15.3.2.3 Manufacturin_ Plan

The manufacturing plan for the composite airframe

emphasizes fabrication and assembly of very large parts and

utilizes automation in every phase, as shown in Figure 15.3-8.

Also, the mass-production concept is emphasized, as demon-

strated by the wing and fuselage support area in which very

large solid laminate plates are manufactured from which

smaller flat patterns are stamped for details. No part is

completely fabricated in any one area.

The manufacturing sequence is separated into eight

areas as follows:

Area I - Fuselage and Wing Support

IA - Core Preparation

IB - Automated Solid-Laminate Layup

IC - Automated Sandwich-Panel Layup

Area II - Sub-Component Fabrication

Area III - Fuselage Shell Fabrication

Area IV - Wing Skin Fabrication

Area V - Wing Assembly

Area VI - Primary Structure Assembly

Area VII - High-Lift-Device Fabrication

Area VIII - Final Assembly
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Figure 15. 3-7 Composite - Wing High-Lift Devices
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A general description of each work area function is

given below in sequence, although many of the functions

occur simultaneously.

Area I - Fuselage and Wine Support. The functional

setup of this area is based on the types of parts manu-

factured rather than on aircraft designation. The sub-areas

function as follows:

IA - Core Preparation. Blocks of core are foamed

(if for the fuselage shell), sliced in a gang saw into the

required thickness, and spliced into large sections. From

these sections, either smaller details are cut or the large

sheets go to fuselage shell or wing skin work areas. All

core preparation is accomplished in this work area.

IB - Automated Solid-Laminate Layup. This is an auto-

mated tape-laying-machine step in which continuous tape

is made into large panels of the required size, thickness,

and fiber orientation. Smaller details such as floor beams,

supports, and fuselage frames are cut. Machines capable of

utilizing several widths of tape are located in this area.

IC - Automated Sandwich-Panel Layup. In this last

division of Area I, large, flat sandwich panels are fabri-

cated and cured. The panels may have any required skin

thickness, core thickness, and fiber orientation. The

basic steps are: automatically lay up one skin, cover it

with core, lay up a second skin over the core and cure.

This sandwich panel is then cut into any of many sandwich

parts such as fuel bulkheads and floor panels.

Area II - Sub-Component Fabrication. Components such

as wing spars are fabricated as back-to-back channels with

core between them. They are fabricated as follows:

i. Locate a spar skin layup (Area IB) on a male

tool with the flange turned down and cure.

. Locate a core section (Area iA) on the skin

and cure.

. Install side plates on the tool and locate a

second spar skin over the core with the flange

turned up along either edge and cure.
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This process utilizes only one skin tool, requires no

assembly fixture, and, since the second skin is bonded wet,

requires no bond fixture. All spars are fabricated in the

same manner. Similar simple procedures are used to fabri-

cate other indicated components.

Area III - Fuselage Shell Fabrication. Three tools for

each of the three basic fuselage-wing shell sections are

required to meet the production rate of six aircraft per

month. Each group of these tools is served by a simple

automated layup machine. Only one tool typical of the nine

required is shown. The layup sequence is as follows:

I.

2.

3.

4.

5.

Lay up the outer (tool) skin.

Position the required sheets of core.

Lay up the inner (bag) skin.

Core.

Move to final assembly line.

Local buildups and window section buildups are fabricated

as flat pattern details in Area IB and located in the shell

as required. The outer skin is constant thickness.

Area IV - Wing Skin Fabrication. This area is much

the same as Area III. Again, only one typical tool of six

required is shown. The wing skin layup sequence is:

I. Lay up the outer (tool) skin.

2. Locate the core sheets.

3. Lay up the inner (bag) skin.

4. Cure.

5. Move to Wing Assembly Area V.

Area V - Wing Assembly. The lower wing skin is placed

in an assembly fixture, and the front and rear spars are

attached by bonding and mechanical fasteners. The ribs and

pressure bulkheads are then located, bonded, and bolted in

place with precured GRP tie plies. The upper-skin shear is

fastened in place by bonding and bolting. The entire wing
box is then oven cured.
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Area Vl - Primary Structure ASsembly_ The lower

fuselage section is located in an assembly fixture and the

frames and MLG bulkhead installed first. The cargo floor

beams and support subassemblies are then installed along

with the cargo floor panels. In the next stage, the main

floor beams and support subassemblies are bonded. The wing

box is mated to the fuselage, and the left- and right-hand

fuselage sections along with skin splices (inner and outer)

are installed. Main floor panels are fixed, frame splices

are made, and the aft pressure bulkhead installed. Finall}7,

the main landing gear doors are attached.

Area Vll - High-Lift Device Fabrication. High-lift de--

vices are manufactured from flat pattern skins from Area IB

and from core from Area IA. The parts are cured and moved

directly to final assembly. In one month, this area delivers

72 Kruger nose parts, 60 spoilers, 36 flaps, 1200 flap ribs,

4800 attach angles, 60 deflector doors, 24 vanes, and 12

flaperons.

Area VIII - Final Assembly. The high-lift devices from

Area VII are added here to the primary structures assembly

from Area Vl.

15.4 WEIGHT COMPARISONS

The first step in the weight analysis was to establish

a reference or baseline light-alloy-configuration weight

distribution. The weight of the 2500-ft 2 (231 m 2) wing

configuration shown in Figure 15.1-1 was calculated by the

statistical/analytical procedure described in Section 14.

The application of this procedure established the total

configuration weight and permitted the allocation of weights

to the individual major structural components: wing, fuse-

lage, horizontal and vertical stabilizers, nacelles, and

landing gear.

In the case of the composite component structural

weights, the light-alloy weights were used as a reference

for identification of non-optimum weight items, and calcu-

lated weight differences were subtracted from these

reference weights. Results are listed in Table 15.4-1.

It is emphasized that both the light-alloy and the composite

weights apply to the same sized airplane. The calculated

weight savings shown are:
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Component

Percent Weight
Saved

Wing 25

Fuselage 20

Horizontal Tail 26

Vertical Tail 19

Nacelles I0

Landing Gear 0
m

Total Airframe 19

In applying the results of this weights comparison to the

development of the selected configurations, the cascading

effect involved in resizing the aircraft as the structural

weight decreases is apparent. The ratios of the weight of

composites used to weight saved that are developed in Sub-

section 15.4.3 were employed in sizing the selected con-

figurations. The cascading effect is well illustrated by

comparing the .90M light-alloy, no-active-control-system

airplane with the .90M all-composite, no-active-control-

system airplane described in Tables 14.1-1, 14.k-3, and

14.1-4 presented in Section 14. The effect of composite

applications on the resizing process is summarized as

follows:

Percent Weight

Component Saved

Wing 33

Fuselage 21

Horizontal Tail 40

Vertical Tail 27

Nacelle 19

Landing Gear 13

Total Airframe 26
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Weight area change = -12.5 percent

Engine scale change = - 9.8 percent

The development of fuselage and wing structural weights

that were used in the manufacturing cost analysis is explained

in the following subsections.

15.4.1 Fuselage Weight Breakdown

A sun_nary of the fuselage weight breakdown is given in

Table 15.4-2. For both the light-alloy and the composite

designs, the listed elements of the cabin structure were

further broken down for detailed geometrical definition and

weight of individual items such as frames and bulkheads.

This detail affords the best opportunity fora realistic

cost comparison.

15.4.2 Wing Weight Breakdown

The light-alloy wing weight breakdown is shown in

Table 15.4-3. As with the primary structure of the fuse-

lage, additional detailed element definition and breakdown

was developed for the cost analysis study. Individual rib

web heights and widths were defined as well as individual

rib weights. Secondary structure individual item weights

were estimated on the basis of the weight distribution of

similar items on current aircraft.

The weight breakdown for the composite material wing

is shown in Table 15.4-4. The primary structural box weights

were, in general, developed from stress analysis calculations

at four selected section cuts. The weights for fixed items

in the primary box such as fittings, seals, and miscellaneous

were assumed to be the same as estimated for the light-alloy

wing box. The secondary structure weights were obtained by

using the light-alloy distribution as a reference baseline

and estimating the weight of the individual items applicable

to composite uage.

15.4.3 Composite-to-Light-Alloy Weight Ratios

Two types of ratios are necessary for a proper assess-

ment of the impact of the use of composite materials in a

modern transport. The first is the set of ratios of the

individual composite component weight to the corresponding

light-alloy component weight. It is necessary to establish
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these ratios at the component level rather than the total

configuration level because there is sufficient variation

in the component weight increments with component geometry

variation (but with no gross weight variation) to affect

the total configuration weight. The use of ratios of

component composite to light-alloy geometry especially

permits the optimum wing selection to be made by permitting

weight and geometric variations to be traded off through

configuration performance analyses. The ratio of composite

to light-alloy weight for the wing varies with wing geometry.

A relationship of this variation, established in Phase I,

was used in establishing the composite wing structural

weights for the Phase II matrix of configurations. This

weight and cost analysis further verified that the relation-

ship is reasonably valid by indicating a wing weight ratio

of .75, which represents a 25-percent weight savings as

shown on Table 15.4-4. A ratio of composite to light-alloy

fuselage weight of .80 is indicated by the weight data of

Table 15.4-2. This ratio has been used to determine the

composite fuselage weights in the configuration selection

analyses.

The second type of ratio needed for cost comparison

studies is the ratio of the amount of composites used to

the amount of weight saved. Table 15.4-5 shows'the weights

data generated by the weight analysis and the development

of the ratio of composite weight used to weight saved for

the fuselage. Similar data are shown in Table 15.4-6 for

the wing. A ratio of weight used to weight saved of 1.5 is

used for the horizontal and vertical stabilizers. This

value is slightly conservative when compared to detailed

analyses performed on other aircraft configurations. A

ratio of 1.0 used for the nacelle is based on a nacelle

analysis carried out in detail on a large military aircraft

configuration.

In sunmmry, the ratio of component composite to light-

alloy weight is used in the configuration selection process

to establish the composite-component weight from known

(established by statistlcal/analytlcal method) light-alloy

weights. The total configuration weight is then determinable

for any combination of composite component usage and is

available for performance analyses. The weight saved is

obtained and is multiplied by the ratio of weight of

composites used to the weight saved to establish a component

composite weight-used value. The amount of composites used

is then available for application to the cost analysis.
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Table 15.4-5

COMPOSITE-FUSElAGE GRAPHITE USAGE

Primary Structure

Element
Element Weight

lb (kg)
Graphite Weight[

.......ib-.........(kS) -_

Skins-Stringers-Longerons

Frames

Bulkheads

Window Framing

Misc.

Secondary Structure

Floors-B_ams-Supports

Window Glass

NLG Door-Mech-Jamb

MLG Door-Mech-Jamb

Pass Door-Mech-Jamb

Cargo Door-Mech-Jamb

Large Fittings

Small Fittings

Misc.

Total Weight-Fus.Sta. 222-1728

n+_- Weight

Total Composite Fuselage Wt.

10,030

2,260

1,282
m

1,854

4,010

944

156

609

969

680

54O

320

307

23,961

(4,550)

(1,025)

(582)

(841)

(1,819)
(428)

(71)

(276)

(440)

(308)
(245)

(145)
(139) 15o

(10,869) 13,316

6,150

2,260

m

1,040

2,990

78

153

290

205

(2,790)

(1,o_5)

(472)

(1,356)

(_5)
(69)

(132)
(9_)

(68)

(6,040)

o 2_n t! n'_'_ ! _.nn i t7_6_

26,221 II"-894) 14,9 i-6 )6-_66) '_

Total Light Alloy Fuselage Wt. 32,734# (14,848) kg

Total Weight Saved = 32,734 - 26,221 = 6,513# (1,340) kg

The Ratio of
14916Weisht of Composites Used _

Weight Saved . 6513
- 2.29
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Table 15.4-6

COMPOSITE-WINGGRAPHITE USAGE

Structural Element

Primary Structure Basic Box
Wing Skins
Spars - Rear

Front
Ribs
Joints

Secondary Structure

Leading Edge

Trailing Edge

Glove

L. E. High-Lift

Ailerons

Spoilers

Flaps

MLG Door

Misc.

Skins

Ribs

Spars

Joints, Fast.

TOTAL

Total Light Alloy Wing Wt. - 41,136#

Element Weight

......ib (kg)

17,291

1,340

57O

494

2,393

1,033

649

5,690
48

1,344

30,852

Graphite Weight
ib (kg)

(7,843)

5,840
776

720

789

1,065

(608)

(259)

(224)

(1,o85)
(469)

(294)

(2,581)
(22)

(610)

2,950

606

780

255

(13,995) 13,781

(2,649

(352)

(327)

(358)
(483)

(1,338)

(275)

(354)
(116)

(6,252)

(18,659 kg)

Total Weight Saved- 41,136 - 30,852 - i0,284# (4,664 kg)

The Ratio of
Weight of Composites Used

Weight Saved
mm

13,781

i0,284
- i. 34
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15.5 COST COMPARISONS

From the design study discussed above, the maximum

amount of information could be provided to the cost estima-

tors in the time period permitted. The final output of the

cost study is in the form of comparative data between the

manufacturing costs of the light-alloy and composite

airframes. These data were then used in the economic

analysis reported in Section 6. The data obtained are

presented in Tables 15.5-1, -2, and -3. Because the goal

of this study was to obtain a respectable comparison

between the expected manufacturing costs of the composite

design and those of light-alloy design, some discussion of

the resulting data in light of that goal is warranted.

The most significant single result of the study is

presented in Table 15.5-1, where the manufacturing costs of

the light-alloy design exclusive of materials and engineer-

ing are seen to be 2.6 percent greater than those for the

composite design of the same airframe configuration. On

the basis of manufacturing departments, this difference in

cost comes primarily from the less costly tooling associated

with the composites manufacturing plan. On the basis of.

total costs of airframe components, th_ difference comes

from the reduced costs of the composite wing box and fuse-

lage.

The role of the factory operations in the manufacturing

costs of both light-alloy and composite designs is shown in

Table 15.5-2. The relationship of the fuselage to other

component manufacturing costs is shown in Table 15.5-3.

As discussed in Subsection 15.3.2.1, in the original

design of the composite fuselage, sheet-stiffened structure

was used in two of the fuselage segments. But in the final

design, sandwich structure was used exclusively. The data

in Table 15.5-1 are based on the final design. For compari-

son, the cost data on the original composite fuselage design

are presented in Table 15.5-4.
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Table 15.5-1

RELATIVE MANUFACTURINGCOSTS OF LIGHT-ALLOY AND
COMPOSITEAIRFRAMES

Component
Light Alloy Manhours/Composite Manhours

Fuselage
Non-Recurring
Recurring
Total

Wing Box
Non-Recurring
Recurring
Total

Wing Leading Edge*

Tooling

1.506
1.487
1.496

1.502
1.518
1.510

Factory

1.005
1.005

m

1.453

1.453

QoA,

1.461

0.862

0. 867

21.000

1.379

1.386

Non-Recurring

Recurring

Total

Wing Trailing Edge*

Non-Recurring

Recurring
Total

Total

0.888

0.983

0.939

1.268

1.326

1.299

I. 392

m

0.513

0.513

m

0. 731

0.731

0.992

1.000

0.493

0.495

1.273

0. 701

0. 704

0.986

Total

1.505

i .020

i .053

1.526

I. 444

1.448

0.889

0.536

0.553

1.268

0.759

0. 784

1.026

* These items have only been treated in a cursory

manner, and more detailed analysis would be fruitful.
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Des ign

Light-Alloy

Total

Composite

Total

Table 15.5-2

RELATIVE MANUFACTURING COSTS OF FACTORY

AND OTHER DEPARTMENTS

Factory Manhours/Other Department Manhours

Fuselage

0.668

0.700

Wing

Box

0.734

0.731

Wing Wing

L.E. L.E.

0. 684 0. 686

0.736 0.735
I

Total

0.697

0.721

Table 15.5-3

RELATIVE MANUFACTURING COSTS OF FUSELAGE

TO OTHER COMPONENTS

Design.

Light-Alloy

Total

Composite

Total

Fuselage Manhours/Other Component Manhours

Tooling Factory Q.A. Total

0.474

0.441

0.357

0.352

0.336

0.355

0.372

0.363

Table 15.5-4

RELATIVE MANUFACTURING COSTS OF LIGHT-ALLOY

AND ORIGINAL COMPOSITE FUSELAGE

Costs

Non-Recurrlng

Recurring

Total

Light-AlloyManhours/Composites Manhours

Tooling

1.506

1.487

1.496

Factory

0. 849

0.849

Q.A.

1.461

O. 599

Total

1.505

0.841

0.603 0.879

381



SECTION 16

MAINTENANCE

The maintenance features of the advanced aircraft

configurations described in this report are basically the

same as present day wide-body transport aircraft with the

exception of the maintenance of composite structures and

advanced flight control systems. The unique maintenance

problems in these two areas are discussed in the following

subsections. In addition, a description is given of the

onboard data recording and equipment monitoring system,

ground servicing, and engine maintenance.

16.1 COMPOSITE STRUCTURES MAINTENANCE

The structure in future aircraft built mostly from

composite materials will be simpler to maintain than the

conventional light-alloy structure used in today's aircraft.

The aircraft constructed primarily from advanced composite

materials will have much larger detail parts and therefore

significantly fewer joints and riveted areas. The composite
material is also more resistant to fatigue damage, resulting

in increased service llfe and decreased inspection require-

ments.

16.1.i Surfaces

Surface corrosion is not so severe with composite

structures as with metal aircraft. Composite surfaces,

however, do need protection from moisture absorbtion. This

can best be achieved through the use of a surface coating.

One of these, a polyurethane coating, is presently being

evaluated on the F-ill boron-epoxy tail.

16.1.2 Joints

Permanent joints in composite structures do not present

any significant maintenance problems. A real problem exists,

however, in protecting part edges and fastener holes such

as those around access doors. Solutions must be developed

for the prevention of fastener erosion and moisture absorp-

tion into the exposed composite edge.
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_ 16.1.3 Electrical/Electromagnetic Interference

Since the composite is essentially a non-conductor, the

surface must be provided with a conductor. Two systems are

presently feasible: conductive coatings such as a silver

filled paint or a wire mesh. Both systems are presently

being evaluated in the F-Ill boron tailplanes. The wire

mesh is expensive and difficult to repair. The attractive

approach, a sprayable, conductive coating, is recommended

for further development.

16.1.4 Repairability

The composite aircraft can be repaired regardless of

the extent of damage, although it might be economically

desirable to install a new part in some cases. The fact

that repairs can be made with parent materials and that the

repaired component retains I00 percent of its design load

carrying capability is a distinct advantage over metal air-

craft.

Most damage to composite parts falls into one of three

basic categories: surface (outer) skin; surface skin and

cote; or surface skin, core, and inner skin. All such types

of damage are repairable, being different only in the time

and material involved.

Outer skin - This type of damage requires the removal

of damaged (delaminated) material and the replacement with

new material and an adhesive. Such repairs can be accom-

plished in a vacuum bag and oven at temperatures not greater

than 350°F (449.7OK).

Outer skin and core - This type of damage is repaired

by removal of the skin in the damaged area and rework of

the core. The core may be reworked by filling the damaged

area flush with filler or removing the damaged core and

replacing it with undamaged core. The skin repair is

accomplished as in the repair above.

Outer skin, core, and inner skin - Damage to both skins

and core is repaired by removal of a section of outer skin

large enough to remove all damaged skin as follows:

(i) Remove the core in the damaged area to expose the inner

skin; (2) Remove all of the damaged material in the inner

skin; (3) Prepare a repair (replacement) panel as shown in

Figure 16.1-1; (4) Locate the replacement panel in the
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prepared area and hold in place with clips or a support
from the inner surface, if possible; (5) Bond the original
inner skin and the replacement inner skin with parent
material; (6) Bond in a core plug; (7) Sand flush with the
original core; (8) Lay up and bond the original outer skin
to the replacement outer skin with parent materials and an
adhesive; (9) Sand to contour; (I0) Finish.

16.2 ADVANCEDFLIGHT CONTROLSYSTEMMAINTAINABILITY

The basic maintenance program envisioned for the ad-
vanced flight control system would be considerably abbre-
viated from current flight control system maintenance
procedures. Scheduled maintenance for the electrical and
electronic assemblies is minimized by the use of an on-
board equipment monitoring system (see below, Subsection
16.3). The actuation systems for the primary and secondary
controls would require maintenance procedures similar to
those currently employed.

Significant features incorporated in an advanced flight
control system that will result in improved maintainability
are itemized below:

I. Elimination of the control cables, pulleys,

tension regulators, etc., and replacement by

fly-by-wire primary flight controls will reduce

the maintenance time for rigging the flight

control system.

. Automatic failure detection and fault isolation

by employment of a failure annuciator unit to

indicate to maintenance personnel the status

of all flight control system line replaceable

units.

. Utilization of multiplexing signal transmission

techniques to reduce the numbers of electrical

connectors and wires throughout the aircraft.

. Design of line replaceable units for testing

with automatic equipment and for repair with

plug-in assemblies.
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16.3 ONBOARDDATA RECORDINGAND EQUIPMENT
MONITORING SYSTEM

Incorporating onboard data recording and monitoring
equipment into a commercial aircraft will enable the user
airline to obtain expanded flight data to support long-term
trend analysis for improved maintenance management, to
identify and catalog inflight system performance and fail-
ures for use by ground maintenance crews, and to generate
historical data files on aircraft crew performance. The
potential cost savings in the maintenance areas are signifi-
cant, since it has been estimated that a DC-10 type Aircraft
Integrated Data System (AIDS), when integrated with an
appropriate, ground-based information center, will reduce
direct maintenance costs by 15 to 20 percent. At present,

industry-wide annual outlays for direct maintenance are in

excess of one billion dollars.

The single most important item in formulating a main-

tenance concept for commercial airlines is determining whe_____nn

to maintain. Many items and equipments will always be

covered by scheduled maintenance, but the concept of condi-

tion monitoring will increase in importance. Condition

monitoring is presently the fastest growing and largest

item in the airline maintenance package. Condition moni-

toring relies on surveillance and analysis of operational

performance to determine criteria for maintenance require-

ments rather than solely on time and condition standards.

The onboard digital computer in conjunction with appropriate

system monitor sensors comprises the recognized tool for

maintenance condition monitoring and data manipulation.

Variations in airline user preferences for onboard mainte-

nance data recording system are generally dependent on fleet

size, route structures, and maintenance concepts. Because

of these variations, design of the onboard data monitoring

system should be closely coordinated between the airline

user and the aircraft manufacturer, beginning with the

earliest engineering sketches and specifications of the

airframe and its system.

Perhaps the most advanced datasystem presently in

commercial service is the DC-10 Aircraft Integrated Data

System (AIDS), which is designed to provide building-block

data structured to meet the needs of any airline for flight

data recording purposes. AIDS can be expanded to an onboard

processor-oriented data system. The two cost-savings areas

presently utilizing the capabilities of AIDS are engine
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trend analysis and aircraft crew performance. It is

expected that the engine analysis will gradually change

the engine maintenance concept from scheduled to on-condltion

maintenance and minimize major failures. The aircraft crew

performance data will provide airline training departments

with up-to-date information on their crews such that crew

training can be concentrated in areas where it is most

needed. Additional AIDS hardware includes data acquisition

and signal conditioning systems for detection and recording

of mechanical, pneumatic, hydraulic, electrical, and

electronics systems malfunction and degradation.

16.4 GROUND SERVICING

Shown in Figure 16.4-1 is a typical arrangement of

ground equipment around the ATT Mach .98 configuration.

The accompanying table in the figure presents a turnaround

schedule that compares with today's wide-body jets in

turnaround capability. All ground equipment shown is the

type presently in airline service.

16.5 ENGINE MAINTENANCE

Ease of maintenance of the engine/nacelle installation

and all subsystem components is provided by built-in

accessibility. Engine access doors, supported and hinged

from the pylons, provide access to the entire engine and

the accessories that may need inspection, maintenance, or

servicing. These features are applicable to the wing-

mounted and the tail-mounted arrangements. It should be

noted that all access doors remain supported on the pylon

during engine replacement.

Fan cowl doors provide access to the engine fan case

section for engine service and engine removal.

Fan thrust reverser doors are integral with the core

engine cowl, which contains the thrust reverser and its

actuator mechanism, the fan duct and noise suppression

splitters, fan duct walls (acoustic treated), and the core

"cowl" wall constructed of firewall materials. When the

two half-section doors are opened, the entire core section

of the engine is exposed for inspection and servicing. All

engine and airplane accessories are completely accessible

as well as all engine routing, fire detectors, borescope

holes, drains, engine mounts bleed ports and bleed manifolds,

fuel inlet connections, and the engine-control quick dis-

connects.
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Nose cowls for both wing-mounted engine installations

are interchangeable. They are supported by the pylon box

structure and attached to the engine fan face with a quick

attach-detach design.

In addition to its effective accessibility, the nacelle

arrangement yields several additional benefits. The cost

of the replacement engine buildup and the associated QEC

kits is greatly reduced because the absence of the thrust

reverser assemblies and, thus, the logistics of space is

correspondingly improved. In addition the same engine

buildup for all engine positions reduces the engine buildup

QEC kit, which also improves spares logistics.

Wing engine maintainability is simple because the

nacelle is only about 3 feet (.91 m) above ground level.

However, the bottom of the tail-mounted nacelle is close to

25 feet (7.62 m) above ground level.

Tail-mounted engine maintainability is aided by built-

in features of the fuselage tailcone. This built-in arrange-

ment for engine accessibility and removal is illustrated in

Figure 16.5-1. A telescoping ladder permits access to the

fuselage tail cone and then to a work platform approximately

5 feet (1.52 m) below the accessories. At the work platform

level the sides of the tailcone pivot open to provide space

for movement as well as a guard against dropped tools or

parts. This platform allows egress to inspection of the

inlet duct, noise suppression splitters, fan rotors, and

spinner. The built-in telescoping ladder also allows

servicing the APU and the vertical/horizontal tail mechanism.

For heavy accessories such as the alternator, constant-

speed drive, and starter, an accessory support cradle is

supplied to hold and rotate these items for spline, quick

attach-detach, and key-hole alignments. A hand-operated

portable winch is used to lower and raise those items from

the ground. Cutaway views of this operation are presented

in Figure 16.5-2.

Rear-engine replacement is accomplished with a specially

developed fork-lift type vehicle (Figure 16.5-3). A plat-

form on the lift carries a cradle-type dolly capable of

three-axis precision alignment. When an engine is to be

replaced, the fuselage tail cone must first be pivoted down-

ward and forward by hydraulic power. Initial positioning

within several inches is accomplished by the lift operator

as he aligns the llft with the pivoted fuselage tail cone.
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Figure 16.5-2 Engine Accessory Handling
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Replacement time of the wing-mounted and tail-mounted

engines after ground crew familiarization is anticipated to
be as follows:

Wing-mounted engine - 60 minutes or less

Tail-mounted engine - 90 minutes or less.
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